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In this Thesis, various designs of stacked planar elements and arrays with dual-linear 
polarization characteristics were presented. The stacked configuration has been chosen 
to increase the bandwidth of the designs. The designs satisfy the requirements for a 
base station and capable of having a broad bandwidth for the VSWR ≤ 1.5, covering 
the 2.4GHz ISM band. The measured radiation patterns of the element and arrays have 
exhibited dual-linear polarization characteristics, with high front-to-back radiation 
ratios, stable gain, and almost unchanging half-power beamwidth across the well-
matched bandwidths. An alternative array structure that makes use of the offset 
patches coupled to the radiating patch has been proposed. A prototype was fabricated 
for testing based on the optimised values from simulations. The losses due to the 
feeding network have been significantly reduced due to its simplicity. The measured 
radiation patterns have demonstrated the stable, symmetrical, and ±45o-linear 
polarization characteristics with the absence of side-lobes as well as high front-to-back 
radiation ratios. 
 
In order to combat multipath fading and improve overall system performance, diversity 
techniques are implemented through the use of additional antennas. In this Thesis, the 
polarization diversity performances of microstrip patch antennas were investigated. 
The diversity performance was evaluated based on the far-field coupling or 
orthogonality, output power correlation coefficient, as well as the diversity gain. The 
far-field coupling was calculated by using the amplitudes of the vertically and 
horizontally polarized far-field radiation levels. The output power correlation takes 
into account the effect of the cross-polar discrimination which has been shown in this 
Thesis to be primarily dependent on the antenna design, and not only on the fading 
 v
channel characteristics. The received signals from the branches are processed using 
maximal ratio combining (MRC). The diversity gain was calculated based on the 
cumulative distribution function for two-branch MRC at a 99% reliability, with 
reference to a vertically polarized antenna.  
 
In this Thesis, the stacked and gap-coupled configurations of a polarization diversity 
antenna were presented. Good consistency with the simulation results at the lower, 
center, and upper frequencies of the bandwidth has been achieved. For the stacked 
configuration, degradation in the diversity gain occurs at the upper frequency but is 
still capable of achieving good diversity gain of at least 5dB within a 120° sector. In 
order to examine the effects of cross-polar discrimination brought about by the antenna 
design, ideal channel conditions with the absence of fading and multipath effects have 
been assumed. For the gap-coupled antennas, the diversity gain coverage is wider than 
the stacked configurations. It has been found to be easier to perform impedance 
matching for the suspended gap-coupled antenna, which is capable of achieving a good 
diversity gain within a 140° coverage. Another distinct advantage of using the 
suspended gap-coupled antenna is that the diversity gain does not degrade at the higher 
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Over the recent years, one of the advances in wireless communications is the 
introduction of new wireless protocols for indoor communications such as the 
Bluetooth [Haa00], IEEE 802.11b, and wireless local area network (WLAN) have 
brought about great challenges to antenna designs. Both the WLAN and Bluetooth 
utilize the industrial, scientific and medical (ISM) frequency band of 2.4GHz − 
2.485GHz. The IEEE 802.11b specification sets up 11 channels within the 2.4GHz 
band, centered between 2.412GHz and 2.462GHz. Besides the WLAN and Bluetooth 
technology, the introduction of the third generation (3G) cellular services known as 
Universal Mobile Telecommunications System (UMTS) or IMT-2000 has sustained 
higher data rates of up to 2Mbps in a fixed or stationary wireless environment and 
384Kbps in a mobile environment, thereby opening the door to many internet style 
applications. 
 
As microstrip antennas in their basic forms are known to have narrow bandwidth and 
low efficiency, bandwidth enhancement techniques are developed. Typically, one can 
either excite several resonant modes of a single patch or use several radiating 
structures closely coupled to each other but resonating slightly at different frequencies 
by using stacked [Smi87][Lee90][Cro90][Cro91][Ven98] or parasitic patches 
[Sch79][Kum84] [Kum85][Pri85][Aan86] that are incorporated in the designs of the 
antennas. Other factors that are to be taken into consideration in the designs of WLAN 
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base station antennas include the gain, beamwidth, and front-to-back ratio. A typical 
base station antenna has a gain of less than 22dBi, with a minimum half-power 
beamwidth (HPBW) of 30° in both E and H planes and a front-to-back ratio greater 
than 20dB. In order to achieve these, arrays could be used as the gain need to be 
increased with a corresponding reduction in the HPBW as compared to the single 
patch element [Leg94]. 
 
In the design of base station antennas, the demand for good spectrum efficiency in 
narrow band systems can be eased by the application of antenna diversity. Diversity 
exploits the random nature of radio propagation by finding independent signal paths 
for communication. By having more than one channel to select from, both the 
instantaneous and average signal to noise ratios (SNRs) at the receiver may be 
improved by as much as 20dB to 30dB. The need to improve the SNR arises from the 
fact that the radio path from the mobile to the base station is often physically blocked 
by buildings, trees, and other terrain features. As a mobile user moves through the 
environment, the signal received at the base station varies with time as the amplitudes 
and phases of the directly received signal and multiple reflected signal change. For a 
certain proportion of time, the received signal may fall to an unacceptably low level 
and the resulting increase in bit error rate (BER) will cause a loss of effective 
communication. 
 
Diversity possibilities for counteracting short-term fading effects were first 
experimented using spaced receiving antennas. By having sufficient spacing of several 
wavelengths between antennas, the short term fading fluctuations of the signal 
received at one antenna tend to be independent of the fluctuations of the signal 
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received on the other antennas [Lee71][Lee73][Rhe74]. However, over the years, other 
mechanisms for achieving independently fading signals have been examined in depth. 
These include frequency, angle, polarization and time diversity. Of these, there has 
been an increasing interest in polarization diversity systems [Lee72][Wah97][Lem98] 
because as compared to space diversity, the two receiving antennas can be physically 
co-located. This results in cost-savings and a smaller visual profile for the base station. 
The methods to combine the signals in the branches include selection, equal gain, 
switched and maximal ratio combining [Bre59][Vau90][Egg93][Lot96]. Maximal ratio 
combining has been known to be the most effective method in a multipath 
environment, as it makes optimal use of the total signal power received in the branches 
at any instant. 
  
Therefore, in the design of a polarization diversity antenna for base station 
applications, besides characterizing the performance in terms of the return loss at each 
port, the port isolation and the power in both the vertical and horizontal polarizations, 
it is also important to examine three parameters that will determine the overall 
diversity performance of the antenna. First, the far-field coupling or orthogonality 
describes the difference between the horizontal and vertical polarized powers. Second, 
the output power correlation, which is a function of the cross-polarization 
discrimination and the far-field coupling, describes the degree, which the two signals 
are correlated. Third, the diversity gain is the improvement in SNR in a Rayleigh 







Dual-polarized antennas are useful as they can receive both horizontally and vertically 
polarized signals, especially in a multipath environment, where the presence of 
scatterers causes the depolarization of the vertically polarized transmitted signals. 
Also, changes in the orientation of the mobile will change the transmitted polarization 
as well. On the other hand, microstrip antenna designs suffer from the narrow 
bandwidth. Therefore, in the design of dual-polarized patch antennas, it will be 
necessary to broaden the impedance bandwidth. By using stacked patches, the 
bandwidth can be enhanced since the presence of the top substrate layer reduces the Q-
value. Therefore, by implementing the stacked configuration in dual-polarized 
antennas, the antennas can be designed to cover the desired bandwidth. 
 
In environments where there are many obstacles, the coverage of the antennas will be 
reduced.  As such, it will be necessary to increase the gain (or directivity) by forming 
an array. In this work, the stacked single element design will be extended to include a 
two-element linear array as well as a 2 × 2 planar array. Most of the previous 
literatures on antenna designs evaluate the radiation performance only at the center 
frequency. However, the radiation patterns at the upper frequency may be seriously 
degraded due to the distortion of the current distributions. In order to ensure that the 
radiation patterns for both the vertical and horizontal polarizations are acceptable, 
especially at the upper frequency, the radiation patterns will be analyzed at three 
frequencies corresponding to the lower, center, and upper frequencies of the 
impedance bandwidth. 
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Arrays often face the disadvantages of having high fabrication cost and considerable 
losses caused by the feeding network. In order to minimize the losses from the feeding 
network, offset patches have been used [Leg94][Raj02]. Besides having a simple 
feeding network, other benefits such as increased gain and impedance bandwidth can 
be obtained. Therefore, a stacked offset array, capable of dual-polarization operation, 
will be proposed and analyzed in this Thesis and compared with the other array 
designs. As an example, the antennas are designed to operate in the 2.4GHz ISM band. 
The simulations are carried out using the commercial EM simulator Ansoft Ensemble 
based on the Method of Moments (MoM). 
 
In indoor or outdoor environments where there is a blocked line of sight, the use of 
dual-polarization antennas with a single feed configuration will not be efficient since if 
a signal experiences deep fading, the message will be decoded wrongly and the 
communication quality will be greatly reduced. Although the transmit power can be 
increased at times when a low signal strength is received, most wireless 
communication systems are low in power and unable to counter the fading effects. As 
such, an increase in reliability can be achieved with diversity by having two or more 
ports. In this Thesis, the two-branch polarization diversity for two antenna 
configurations, namely the stacked and gap-coupled configurations will be examined. 
As an example, the stacked configuration has been designed to operate at 1.98GHz and 
the gap-coupled configuration at 2.4GHz. The simulations for the polarization 
diversity antennas are carried out using the commercial EM simulator Zeland IE3D 
based on the MoM. 
 
The performance of a diversity antenna is dependent on the combining technique used. 
In this work, the maximal ratio combining will be chosen since it provides the greatest 
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improvement in signal-to-noise ratio. The diversity performance of the antenna will be 
assessed in terms of the far-field coupling, output power correlation coefficient, as well 
as the diversity gain. The calculations will be performed using the simulated and 
measured amplitudes of radiation patterns. An interesting point to note is that, the 
cross-polar discrimination, which is the ratio between the vertical and horizontal 
polarizations, is often regarded to be primarily dependent on the fading channel 
characteristics. However, this study seeks to examine the influence of the antenna 
design on the cross-polar discrimination. In order to do so, the measurements on the 




The organization of the Thesis can be divided into six chapters. The designs and 
measurements of the single-feed dual-polarized patch element as well as arrays for 
WLAN applications are documented in Chapter 2. In Chapter 3, the definitions and 
concepts of diversity systems used in the later chapters of this Thesis are introduced. 
The various combining techniques used to process the received signals are examined. 
In Chapter 4, a mathematical formulation of the various diversity parameters used in 
the analysis of the diversity performance of the antennas is presented. In addition, the 
chapter details the designs and performance analysis of the stacked ±45°-polarized 
antennas for 3G and WLAN applications. With the measured and simulated radiation 
patterns, the calculated diversity performances of the gap-coupled ±45°-polarized 
antennas across the impedance bandwidth are detailed in Chapter 5. Finally, Chapter 6 








Wireless networking uses radio frequencies originally set aside for unlicensed 
“Industrial Scientific and Medical” (ISM) use. There are three bands: 902MHz − 
928MHz, 2400MHz − 2483.5MHz, and 5725MHz − 5850MHz. The two wireless 
systems that have experienced the most rapid evolution and popularity are the wireless 
local area networks (WLANs), identified as IEEE 802.11b and Bluetooth technology 
for wireless personal area networks (WPANs). 
 
WLANs are designed to cover large areas such as buildings or offices. The basic 
service set (BSS) is the fundamental block of the network, comprising of several 
wireless stations and one fixed access point. The access point provides connection to 
the wired network [Cro97]. WLANs operate at bit rates as high as 11Mb/s and uses 
either frequency hopping spread spectrum (FHSS) or a direct sequence spread 
spectrum (DSSS). In the case of FHSS systems, hopping sequences span over 79 
channels while DSSS systems use an 11-chip Barker sequence and the bandwidth is 
about 20MHz [Kam97].  
 
Bluetooth is a technology specification designed to eliminate the cables and infrared 
links used to connect disparate devices. Its aim is to provide small design, low-cost, 
short-range wireless interconnectivity between mobile phones, laptop computers, 
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digital cameras, etc. It also enables close-range applications in public areas like e-cash 
transactions. It is based on low-power radio frequency technology using 2.4GHz 
spectrum with a power level of 10mW, the bit rate is almost 1Mb/s and the coverage 
range is about 10m. The technology enables the users to connect to a wide range of 
computing and telecommunication devices easily without the need to carry and 
connect cables. 
 
The tremendous demand generated over the years for WLANs and Bluetooth has 
renewed interests in both PCMCIA cards in portable devices and base station antenna 
designs, especially at the ISM bands. In this Chapter, four dual-linear polarization 
antenna configurations, designed to operate in the 2.4GHz ISM band for base station 
applications will be presented. The base station antenna specifications are shown in 
Table 2.1.1. 
 
Frequency 2400MHz − 2485MHz 
VSWR ≤ 1.5:1 
Impedance 50Ω 
Gain < 22dBi 
Front-to-back ratio > 20dB 
Power rating 100W 
E-plane HPBW (min.) 8 − 30° 
H-plane HPBW (min.) 30 − 70° 
Polarization Dual-linear 













2.2 Antenna Designs for WLAN/Bluetooth Base Stations 
 
In this section, the concept of dual-linear polarization will be defined. Some common 
techniques to realize dual-linear polarization characteristics and their feed methods 
will be discussed. The use of stacked patches to enhance the bandwidth will also be 
briefly introduced. 
 
2.2.1 Dual-linear Polarization Techniques 
 
When a signal illuminates on an object, it is reflected and its polarization is scattered. 
In most environments, there exists a mixture of horizontally and vertically polarized 
signals. Hence, it will be ideal if the designed antenna is able to have dual linear 
polarization characteristics. Surface currents on patch antennas can flow along 
orthogonal directions, and are therefore able to produce two linearly polarized waves 
with perpendicular polarization planes. The surface currents in both directions can be 
simultaneously excited either by a single or dual-feed structure. 
 
Dual linear polarization can be achieved in the following ways:  
 
(i) Corner-fed configuration [Che03][Cru91].  
With a single-feed structure, two orthogonal modes of a patch resonating at slightly 
different frequencies are excited. The cavity model shows that the internal field is the 




(ii) Dual-feed network configuration [Mat02]. 
The two polarizations are excited with a dual-feed circuit, using either a connection 
through pins, direct transmission line feeds on the patch substrate, coupled lines on 
two sides of the patch or orthogonal coupling slots. 
  
(iii) Array with uniformly spaced elements [Bra95].  
Two arrays, each having elements with a single linear polarization is used. The vertical 
and horizontal polarized elements are interleaved. 
 
For (ii) and (iii), in order for the polarizations to be in phase, the length of the feeding 
network to the feed point must be kept the same. 
 
2.2.2 Feeding Configurations 
 
The microstrip patch can be fed by using a slot feed (aperture feed) or a stripline feed.  
When using the slot feed, the slot cut on the ground plane must be non-resonant to 
avoid spurious radiation towards the back of the antenna, resulting in high front-to-
back ratios. The structure is more complex to fabricate as it involves two dielectric 
layers bonded on both sides of a conductor. However, there is no need to drill holes in 
the dielectric or to solder conducting wires. This feed method of feeding is popularly 
used in antenna designs as the bandwidth can be increased. 
 
Alternatively, the stripline feed is the simplest feed method and is conducive to array 
designs. Impedance matching can be achieved by cutting an inset in the patch hence 
eliminating the need for additional matching elements. However, the bandwidth is not 
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as broad as the aperture feed. Therefore, bandwidth enhancement techniques are often 
used in conjunction with stripline feed. 
 
2.2.3 Stacked Patches 
 
One of the ways to increase the bandwidth is through the use of stacked patches 
[Smi87][Cro90][Cro91][Tsa98][Ven98]. The stacked patches can be broadly classified 
into two types: 
 
(i) Normal configuration − The patch of the top layer is exposed to air. 
(ii) Inverted configuration − The patches of the top and bottom layer are facing 
each other. The bandwidth is broader as compared to the normal 
configuration mentioned in (i), where the presence of the top substrate layer 
increases the Q-value of the antenna. 
 
The parameters of interest include the sizes of the top and bottom patches, the 
thickness, the spacing between the dielectric as well as the type of dielectric used. 
Broad bandwidths can be achieved by adjusting the spacing between the dielectric. 
 
The choice of feed is an important consideration for the stacked patch antenna design. 
Besides the slot feed and stripline feed, stacked antenna designers also use the coaxial 
feed method. This feed method minimizes the intrinsic radiation from the coaxial feed 
and can be neglected for thin substrates but it becomes significant as the substrate gets 
thicker. It also requires delicate operations that require careful handling as holes need 
to be drilled through the substrate, especially for high frequencies.  
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With the understanding of the various dual-polarization techniques as well the design 
of stacked patch antennas, a prototype with a microstrip line feed and inverted stacked 
configuration was designed, simulated, and tested. The measurement results are 
presented in the next section. Here, it must be noted that the finite size of the ground 
plane and dielectric substrate may bring about a disparity in the results obtained from 
simulations and measurements. The simple patch element design makes it easier for 
the implementation of arrays in order to enhance the gain and further improve the 
front-to-back ratio. Furthermore, the design can be extended to dual-feed dual linear 
polarization antenna with good isolation characteristics. 
 
2.3 Single Patch Element 
 
In this section, the analysis of the dual-linear polarization stacked element is presented. 
The geometry and measurement results of the antenna are provided in Sections 2.3.1 
and 2.3.2, respectively. 
 
2.3.1 Geometry  
 
The design consists of two layers of dielectric, the bottom layer is made up of a 60mil-
thick substrate (Rogers 4003, εr = 3.38) having dimensions of 100mm × 100mm. The 
top layer is made up of a 60mil-thick substrate (FR4, εr = 4.4) and having dimensions 
of 100mm × 100mm. The bottom of the Rogers 4003 substrate is entirely covered with 
foil and grounded. Two square patches are, respectively, etched onto the bottom of the 
top layer and the top of the bottom layer. The spacing between the two layers of 
dielectric supported by four plastic stands is h and the two concentric patches are 
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parallel to, and facing each other as shown in Fig. 2.3.1. The dimensions for the top (lt 
× lt) and the bottom (lb × lb) patches are selected such that the resonances occur within 
the 2.4GHz ISM band. The lower patch is diagonally fed at the corner by a 50Ω 




























ground plane Rogers 4003, εr = 3.38















































Fig. 2.3.1:  Geometry of a stacked patch antenna 
2.3.2 Measured Results  
 
The input impedance was measured by an HP8753D Network Analyzer. Fig. 2.3.2 
shows the measured VSWR for the proposed antenna. The optimised antenna 
configuration occurs when lt = 40mm, lb = 33mm, and h = 8mm. The measured results 
show that the antenna achieves a 1.5:1 VSWR bandwidth of 13% at a center frequency 
of 2.45GHz, covering the whole 2.4GHz ISM band well.  
























The radiation patterns were then measured in an anechoic chamber at three primary 
frequencies, namely, 2.4GHz, 2.45GHz, and 2.5GHz. Figs. 2.3.3 − 2.3.6 display the 
patterns in the x-z and y-z planes. In each plane, the radiation level at each frequency 
was normalized by the maximum value. 
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  Eθ , x-z plane
Fig. 2.3.3:  Measured Eθ in the x-z plane 
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  Eφ , y-z plane
Fig. 2.3.6:  Measured Eφ in the y-z plane 


























In the x-z plane, the difference between the Eθ and Eφ components at the boresight 
generally increases with frequency, and is generally less than 2.8dB. However, this 
difference is less than 1.4dB in the y-z plane. In the planes of interest, the radiation 
patterns for each of the Eθ and Eφ components are found to be stable with frequency 
across the azimuth, with a difference of less than 2dB at the boresight. At 2.45GHz, 
the half-power beamwidth (HPBW) for the Eθ component in the x-z plane is 57° and 
the HPBW for Eφ component is 73°. In the y-z plane, the HPBW for the Eθ component 
is 71° and 76° for the Eφ component. Due to the finite-size ground plane used in the 
measurements, the front-to-back ratio in the x-z plane is generally greater than 17dB 
and 15dB in the y-z plane. In addition, the measured average gains in both the planes 
are approximately 6.8dBi. 
 
2.4 Two-element Linear Patch Array 
 
The radiation characteristics of a single element patch antenna have been discussed in 
the previous section. It can be seen that the radiation pattern of a single element is 
relatively wide and that the antenna has a low directivity (gain). However, it is 
necessary to design antennas with high directivity in order to increase coverage, 
especially in environments with many obstacles. In order to do so, the electrical size of 
the antenna is increased. Therefore, an array, made up of an assembly of radiating 
elements in an electrical and geometrical configuration, can be constructed. 
 
In this section, the analysis of a two-element linear array is presented based on the 
understanding of the stacked element. The geometry as well as the measured 
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impedance and radiation patterns of the array are provided in Sections 2.4.1 and 2.4.2, 
respectively. 
 
2.4.1 Geometry  
 
With an understanding of the workings for the stacked dual-polarization single patch 
element, a two-element stacked linear array antenna was designed as shown in Fig. 
2.4.1. The dielectric substrate (200mm × 100mm) used for the bottom layer is Rogers 
4003, with a relative dielectric constant of εr = 3.38 and a thickness of 60mil. The two 
layers of the dielectric supported by four plastic stands are separated by h.  The two 
patches (lb × lb) on the bottom layer are fed via a feeding network designed for optimal 
performance. The distance between the center of the patches for the top and bottom 
layers is d. The network consists of a 50Ω transmission line of a 3.45mm-width 
connected in parallel to two 100Ω transmission lines of width 0.9mm on either side. A 
quarter wavelength transformer measuring 17.5mm × 1.9mm is used to transform the 
impedance to 50Ω and fed diagonally to each patch. Two square patches (lt × lt) are 
etched on the upper patch layer made of FR4, with a dielectric constant of εr = 4.4 and 
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Fig. 2.4.1:  Geometry of a two-element linear array 
2.4.2 Measured Results  
 
Using an HP8510C Network Analyzer, the input impedance of the array was measured 
and the VSWR for the proposed array is shown in Fig. 2.4.2. The optimised antenna 
configuration can be achieved when lt = 42mm, lb = 33mm, h = 8.5mm, and d = 60mm. 
From the measured results, the antenna is able to achieve a 1.5:1 VSWR bandwidth of 
13.3% at a center frequency of 2.45GHz. 
























The radiation patterns were then measured in an anechoic chamber at 2.4GHz, 
2.45GHz, and 2.5GHz and their polar plots are shown in Figs. 2.4.3 − 2.4.6 for the x-z 
and y-z planes. In each plane, the normalization of the radiation at each frequency with 
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In the x-z and y-z planes, the variation in the Eθ and Eφ components with frequency are 
found to be less than 2dB. The patterns are symmetrical with the side-lobe levels kept 
low at –30dB in the x-z plane and –22dB in the y-z plane. The difference between the 
Eθ and Eφ components at the boresight is generally less than 2.2dB in the x-z plane and 
1.6dB in the y-z plane. For the x-z plane, the average HPBW is 46° and 72° in the y-z 
plane at 2.45GHz. The front-to-back ratios in the x-z plane are generally greater than 
18dB in both the planes which can be further reduced if a larger ground plane was used 
in the test. In addition, the measured average gains in both the planes are 
approximately 9dBi.  
 
2.5 2 × 2 Planar Patch Array 
 
Following the design of the two-element linear array, the analysis of the 2 × 2 planar 
array is presented in this section. The geometry as well as the measured impedance and 
radiation patterns of the array are provided in Sections 2.5.1 and 2.5.2, respectively. 
 
2.5.1 Geometry  
 
The proposed geometry of the 2 × 2 planar array is shown in Fig. 2.5.1. The bottom 
layer consists of four patches (lb × lb) arranged symmetrically about the x and y-axes on 
a 200mm × 200mm ground plane. The upper layer consists of four patches (lt × lt) 
arranged correspondingly in an inverted configuration. The dielectric substrate used 
for the bottom layer is Rogers 4003 (εr = 3.38) and FR4 (εr = 4.4) for the upper layer, 
each with a thickness of 60mil. The two layers of the dielectric are supported by four 
plastic stands with a separation of h between them.  The top and bottom two patches 
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on the bottom layer are each fed via a feeding network designed for optimal 
performance. The network consists of a 50Ω transmission line of width 3.45mm 
connected in parallel to two 100Ω transmission lines of width 0.9mm on either side. A 
quarter wavelength transformer measuring 17.5mm × 1.9mm is used to transform the 
impedance to 50Ω and then fed diagonally to each patch. A second quarter wavelength 
transformer measuring 18.3mm × 5.8mm is used to transform the 25Ω line of width 





















































εr = 3.38 
60mil 
h ig. 2.5.1:  Geometry of a 2 × 2 planar array 26
2.5.2 Measured Results  
he impedance performance was measured using an HP8510C Network Analyzer. The 
easured VSWR for the array is shown in Fig. 2.5.2. When lt = 42mm, lb = 33mm, and 
 = 7mm, the optimum 1.5:1 VSWR bandwidth of 16% can be achieved.  
ext, the radiation patterns were measured at 2.4GHz, 2.45GHz, and 2.5GHz in an 
nechoic chamber. The received power for the Eθ and Eφ components are plotted in 













Fig. 2.5.2:  Measured VSWR 
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The patterns in each plane were normalized by the greatest Eθ or Eφ component for the 
ree frequencies. The deviation of the Eθ and Eφ components with frequency is 
enerally less than 2.2 dB in the x-z plane and 2.7dB in the y-z plane at the boresight. 
n antenna with ideal dual-linear polarization characteristics has equal Eθ and Eφ 
omponents across the impedance bandwidth. However, a difference of less than 6dB 
 usually required for satisfactory performance. From the figures, it can be observed 
at the difference between the Eθ and Eφ components at the boresight is less than 
te the effects of 
arying the size of the upper patches, the spacing between the two dielectric layers as 
n the patches on the upper dielectric layer. The geometry 







1.6dB and 2.2dB in the x-z and y-z planes, respectively.  
 
The side-lobe levels are lower than –25dB in both the planes. In the x-z plane, the 
average HPBW is 48° and 46° in the y-z plane at 2.45GHz. The front-to-back ratios in 
both planes are generally greater than 25dB in both the planes. In addition, the 
measured average gains in both the planes are approximately 11dBi.  
 
2.6 Stacked Offset Array 
 
The 2 × 2 planar array has the drawback of a complicated feed network, which has to 
be carefully designed. Thus, a stacked offset array with a simple feed network is 
proposed. In the following sections, the design and analysis of the stacked offset array 
is presented. In Section 2.6.2, the array is simulated to investiga
v
well as the separation betwee
a
in Sections 2.6.1 and 2.6.3, respectively. 
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2.6.1 Geometry  
 
The proposed geometry as shown in Fig. 2.6.1 consists of four radiating elements on 
the upper layer which are electromagnetically coupled to a driven patch (33mm × 
33mm) etched on the bottom substrate layer. The feed point, diagonally fed by a 
microstrip line of 3.45mm width, is located at one of its corners on the bottom layer. 
he dielectric substrate (150mm × 150mm) used for both layers is Rogers 4003, with a 
f εr = 3.38, and a thickness of 60mil. The four patches each 


























































Fig. 2.6.1:  Geometry of a stacked offset array
 32
2.6.2 Parametric Study  
 
In this section, the various physical parameters will be varied using the software 
Ansoft Ensemble v8.0 based on the Method of Moments (MoM) in order to study their 
effects on the impedance characteristics of the proposed array. The parameters of 
interests include the size as well as the separation between the patches on the 
superstrate layer and the spacing between the two dielectric layers.  
 
(a) Effects of varying the size of upper patches 
 
Firstly, the size of the upper patches lt was varied from 32mm to 35mm with lb = 
33mm and h = 7mm. From Fig. 2.6.2, the size of the major loop is also observed to 
increase as lt increases. According to Fig. 2.6.3, variations in lt lead to the excitation of 
the upper resonance. Further increases in lt will lead to the disappearance of the lower 
resonance. Two resonances at VSWR ≤ 1.5 can be observed clearly when lt = 33mm. It 
can be seen that by adjusting the size of the upper patches, it is possible to achieve a 
broad bandwidth when both resonances are well matched. This can be seen from the 
minor loops appearing around the center of the Smith chart. Optimum matching can be 
















Fig. 2.6.2:  Impedance loci for varying the size lt of upper patches   
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(b) Effects of varying the spacing between dielectric substrates 
 
Next, the spacing h between the upper and bottom patches was varied with lb = lt = 
33mm. As h increases from 6mm to 7.5mm, minor loops can be observed from the 
impedance loci which get smaller as the spacing h increases as shown in Fig. 2.6.4. 
When h is around 6mm to 7mm, both resonances are well matched as shown in Fig. 
2.6.5. Good matching across a broader bandwidth can be achieved when the two 
resonances are brought closer together. Further increases in the spacing h will lead to a 
















Fig. 2.6.4:  Impedance loci for varying the spacing h between dielectric substrates       
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(c) Effects of varying the separation between elements 
 
Lastly, the effects of varying the separation d between elements on the upper substrate 
layer are investigated. The separation d was varied from 2mm to 6mm with lt = lb = 
33mm, and h = 7mm. It can be seen from Fig. 2.6.6 that as d increases, the size of the 
major loop decreases and the minor loop gradually disappears. Optimum matching can 
be achieved when the patch elements are separated at around 3mm to 4mm apart. From 
Fig. 2.6.7, it can be seen that the frequency corresponding to the lower edge of the 
pass-band increases with d. Also, as d increases, the upper resonance disappears, 

























Fig. 2.6.6:  Impedance loci for varying the separation d between patches  


























Therefore, it can be seen that the matching of the two resonances are determined 
collectively by the size of the upper patches, the spacing between the dielectric layers 
as well as the separation between the patches. The upper resonance is controlled 
predominantly by the size of the upper patches and the size of the lower patch 
primarily controls the lower resonance.  
 
2.6.3 Measured Results  
 
With the optimum parameters obtained from the parametric study, a prototype was 
fabricated and the impedance performance measured using an HP8510C Network 
Analyzer. Fig. 2.6.8 shows the measured VSWR for the array. The optimised array 
configuration occurs when lt = lb = 33mm, d = 5mm, and h = 7mm. The array is 
capable of achieving a 1.5:1 VSWR bandwidth of 16%. 
























The radiation patterns were then measured at three frequencies, namely, 2.4GHz, 
2.45GHz and 2.50GHz. Figs. 2.6.9 − 2.6.12 display the received power in the x-z and 











      GHz
Eθ , x-z plane






















      GHz





















      GHz
Eθ , y-z plane






















      GHz
Eφ , y-z plane














Having normalized the radiation levels by the maximum value at the three frequencies 
in each plane, it can be observed that the radiation patterns for the Eθ and Eφ 
components are found to be symmetrical with the absence of side-lobes in the upper-
half space. The variation in each Eθ and Eφ component with frequency at the boresight 
is less than 1.7dB in both planes. As compared to the single element, two-element 
linear array and the 2 × 2 planar array, the radiation patterns for the stacked offset 
array change the least with frequency.  
 
The maximum difference between the Eθ and Eφ components at the boresight in the x-z 
plane is 1.4dB and 1.8dB in the y-z plane. Compared to the 2 × 2 planar array, the 
stacked offset array offers the advantage of a lower difference in both the planes. This 
implies that across the 2.4GHz ISM band within the impedance bandwidth, good dual-
linear polarization performance can be more easily achieved. In contrast with the two-
element linear array and the single element, the difference in the x-z plane for the 
stacked offset array is much lower while the difference increases slightly in the y-z 
plane. 
 
For the stacked offset array in the x-z plane, the average Eθ / Eφ HPBW is 54°/61° and 
62°/53° in the y-z plane. The front-to-back ratios are generally greater than 20dB in 
both the planes. In addition, the measured average gains in both the planes are 








In this Chapter, the designs of single feed dual-linear polarization antennas have been 
presented which include the single patch element, two-element linear array, 2 × 2 
planar array as well as the stacked offset planar array. 
 
The impedance performance of the antennas is evaluated in terms of the bandwidth for 
VSWR < 1.5. It can be seen that the antennas are able to achieve a broad impedance 
bandwidth of greater than 13%, which covers the 2.4GHz ISM band well. As for the 
radiation performance, it is evaluated in terms of the front-to-back ratio, gain, variation 
in the vertically and horizontal polarized components as well as the difference between 
them across the impedance bandwidth. From the measurement results, the 2 × 2 planar 
and stacked offset arrays are able to achieve front-to-back ratios greater than 20dB in 
both the x-z and y-z planes. 
 
The stacked offset array, designed to reduce the complexity of the feed network, has a 
relatively stable radiation performance, as the vertical and horizontal patterns are less 
responsive to frequency as compared to the two-element linear array and 2 × 2 planar 
array. In addition, it has good dual-linear polarization characteristics, as the difference 
between the horizontal and vertical polarized components at the boresight is low across 
the impedance bandwidth. Also, the sidelobes for the offset array are well suppressed 














In a flat fading channel, when all the arriving multipath components combine 
destructively at a receiving antenna, it will lead to a substantial decrease in signal-to-
noise ratio (SNR). The receiver is said to enter into a deep fade or null. In order to 
decipher the desired signal reliably, an alternate signal path is required with a 
sufficiently large SNR. In other words, a secondary branch (or channel) is introduced 
to increase the probability that an adequate signal level can be received. Diversity is 
achieved by using the information on the different branches available to the receiver so 
as to increase the SNR at the decoding stage. This concept makes use of the fact that 
the uncorrelated or slightly correlated diversity branches have a low probability of 
simultaneously experiencing a deep fade. In order to increase the desired reliability, 
more than two branches might be required. By having additional branches, there is a 
higher probability that at least one branch, or the combined branch outputs, produces a 
sufficiently high SNR to allow reliable decoding of the message at the receiver. 
 
3.2 Diversity Techniques 
 
There are several methods to achieve independently fading signals. Depending on the 




In space diversity, the use of transmitting or receiving antennas separated in space is 
the most common diversity technique encountered. Two antennas that are physically 
spaced experience different propagation environments and the multipath components 
can sum destructively or constructively at each antenna. Often, the antennas are 
positioned far enough so that the branch signals have a higher probability of fading 
independently. In a macro-cellular environment where the scatterers are predominantly 
around the mobile terminals and the base stations are located on tall buildings or 
hilltops, the spacing between the antennas need to be large enough to achieve a low 
correlation as compared to a micro-cellular environment where the base station and the 
mobile are inside the clutter of buildings and other obstacles. This is because in a 
micro-cellular environment, the channel has a fast fading envelope that changes 
significantly with slight displacements of the antenna. In contrast, a macro-cellular 
environment is characterized by a slow fading envelope with respect to antenna 
displacement, thus the antennas need to be separated further apart (about 10λ to 20λ) 
to achieve independent fading of the branches [Tur95]. 
 
Polarization diversity implies that a single polarization at the transmitter can be 
depolarized in the propagation medium and the signal arrives at the terminal with a 
polarization that can differ greatly from the transmitted one. Also, due to the random 
movement of the transmitter or receiver, the polarization of the transmitted or received 
signal will not be fixed. Therefore, the antennas with orthogonal polarizations are used 
in polarization diversity systems such that at times, there will be a larger signal 
received on one polarization than on the other or at most, equal signals on both 
polarizations. Independent reception is possible with two orthogonal polarizations and 
the two resulting signals do not fade in a correlated manner. Polarization diversity has 
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the advantage over space diversity in that the antennas can be co-located and housed in 
a single unit smaller than that required for single polarization. In addition, the 
installation time is reduced and the structural design is lighter, thus leading to lower 
costs. 
 
It has been reported that a slant ±45° configuration is slightly better (≈ 1dB) than the 
vertical/horizontal (V/H) configuration due to a lower difference in the mean signal 
powers between branches. It is also known that polarization diversity is more effective, 
especially when the orientation of the mobile antenna is inclined 
[Kar01][Lem98][Tur95][Wah97][Wei98]. 
 
Angle (or pattern) diversity uses antennas with different beam patterns on each branch. 
The multipath components are weighted differently at each channel, creating unalike 
interference patterns of the signal at each branch. Therefore, each channel receives the 
transmitted signal with different strengths depending on the branch pattern and the 
propagation characteristics at that moment in time. Similar to polarization diversity, 
angle diversity allows for the antennas to be co-located. 
 
Frequency diversity can be implemented by transmitting information on more than one 
carrier frequency. The rationale behind this technique is that since frequencies 
separated by more than the coherence bandwidth of the channel are uncorrelated, and 
thus will not experience the same fading behaviour. However, the main disadvantage 
of using this diversity technique is that it requires valuable bandwidth that will reduce 
the communication capability. In addition, frequency diversity requires the same 
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number of receivers and channels. However, these can be justified for critical traffic 
conditions.  
 
Time diversity transmits information repeatedly at time spacings that exceed the 
coherence time of the channel, so that the multiple repetitions of the signal received 
are essentially uncorrelated. However, time diversity requires information storage both 
at the transmitter and receiver which is much simpler for digital transmissions. 
 
3.3 Factors Influencing Diversity Performance 
 
The main factors affecting the diversity performance, regardless of the diversity 
technique used to improve signal reliability, are the relative power levels between 
branches and the envelope cross-correlation.  
 
3.3.1 Difference in Mean Power Levels 
 
For a two-branch diversity system, the average envelope power received in each 
branch (P1 and P2) can be written as follows [Jak74], 















where  is the expectation (mean) value operator, the subscripts 1 and 2 denote the 




Assuming equal noise power in each branch, the difference in power levels in a two-
branch diversity system can be defined as, 
 
(3.2) P  
 
If one branch h
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as a larger mean SNR than the other, its contribution to the final SNR 
nificant and hence the diversity gain of having a second branch will be 
orrelation 
lation, ρ, is a measure of the tendency of the signal in one branch to 
her. When ρ = 1, the two signals are said to be completely correlated, 
at they will fade, peak, increase, and decrease at the same time. On the 
n ρ = 0, the two signals are completely uncorrelated and the received 
 in one branch is independent of the other. Cross-correlation can be 
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eived envelope in the branches should be independent of each other 
 one branch receives a signal that is very weak and indistinguishable 
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from noise, the system can still rely on the other to provide the receiver with a reliable 
link to the transmitted signals. 
 
For successful diversity operation, a value of ρ = 0.7 or less is often used as a 
guideline [Lee72]. In spatial diversity systems, this can be achieved by spacing the 
antenna far enough while in polarization diversity antenna, it has been found that the 
cross-polar discrimination, which is found to be dependent on the propagation 
environment [Egg83][Koz84][Lem98][Lot96][Tur95][Vau90][Wah97] as well as the 
antenna design [See03], should be as close to unity (or 0dB) so as to achieve low 
correlation between the branches. 
 
3.3.3 Diversity Gain   
 
Diversity gain is used as a qualitative indication of diversity performance. It is a 
function of envelope correlation, number of branches, reliability or cumulative density 
function (CDF) percentage, and combining technique. Usually, the diversity gain is 
defined based on the significance of using diversity to reduce the fraction of time in 
which the signal drops below a certain specified level, or outage rate, usually specified 
with respect to the mean output noise level of the combiner. Alternatively, one may 
define the fraction of time that the signal level is exceeded, or reliability, which can be 
obtained from the CDF of the envelope. As an illustration, Fig. 3.3.1 [Die00] shows 
the CDF of the individual branches and that of the combined signal of the polarization 




 Fig. 3.3.1:  Cumulative distribution function of a two-branch polarization 
diversity system    
It can be seen that, at a 90% reliability level (10% outage rate), the signal levels on 
Antenna 1 and Antenna 2 are equal to or exceed –80dB and –85dB, respectively. The 
combined signal exceeds –76.5dB for 90% of the time. The diversity gain is then taken 
to be the improvement in signal levels over the strongest branch at a given reliability 
after combining. In this example, by measuring the horizontal distance between the 
combined signal and the branch with the larger signal power (Antenna 1) at a 10% 
CDF level, the diversity gain is 3.5dB. It can also be seen that at a 1% CDF level, the 
diversity gain increases to 7dB, which demonstrates that diversity gain is a function of 
the reliability level. 
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Besides reliability, correlation and the difference in signal levels between the two 
branches are also factors affecting the diversity gain as shown in Fig. 3.3.2. It can be 
observed that the largest diversity gain at 90% reliability is achieved when the mean 
levels of the signals from the two branches are equal and the correlation is low. There 
will be no appreciable diversity gain if the correlation is high and the difference in 










Fig. 3.3.2:  Diversity gain at 90% signal reliability as a function of cross-correlation and 
mean branch signal level difference for two-branch diversity using MRC 
 
3.4 Diversity Combining Techniques 
 
Diversity branches can be established through space, angle, polarization, frequency, 
time, or any combination of these mechanisms. Regardless of the methods used to 
achieve diversity, the output from the branches can be processed using schemes such 
as selection, equal gain, or maximal ratio combining. Depending on the combining 
technique used, the diversity performance as well as the output SNR will be affected. 
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The following subsections will discuss and compare three common combining 
schemes (selection, maximal ratio, and equal gain) in terms of their diversity gain. 
 
3.4.1 Selection Combining 
 
Selection diversity chooses the receiver branch that has the largest instantaneous SNR 
to be connected to the demodulator as shown in Fig. 3.4.1. The greater the number the 
branches, the higher the probability of having a larger output SNR. In practice, the 

























3.4.2 Maximal Ratio Combining 
 
In this combining method first proposed by Kahn [Kah54], the signals from all the M 
branches are weighted according to their individual instantaneous SNRs. In order to 
ensure that all the branches are added in phase for maximum diversity gain, the 
branches are co-phased prior to summing as shown in Fig. 3.4.2. Unlike selection 
diversity which selects the branch with the greatest SNR, this technique takes 
advantage of all the channels in order to get a more reliable received signal. A distinct 
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advantage of using this combining technique is the capability of producing an output 
with acceptable SNR even when none of the SNRs from the individual branches are 
acceptable. However, a drawback of using maximal ratio combining is that it is more 
complicated and requires accurate estimates of the instantaneous signal level and 
average noise power in order to achieve optimum diversity performance. As this 
method will perform better than the selection or equal gain combining since it is an 
optimum combiner [Pro95], it will be used in the analysis of the various polarization 






















Fig. 3.4.2:  Block diagram for maximal ratio diversity system 
 
3.4.3 Equal Gain Combining 
 
This technique is similar to maximal ratio combining except that the weights in each 
branch are the same (W1 = W2 = …. = WM). In this technique, a phase lock summing 
circuit is used. The branch signals are coherently combined but the noise components 
are incoherently combined. The advantage of producing an acceptable output from a 
number of unacceptable inputs is still retained. Its performance is marginally inferior 
to maximal ratio combining but superior to selection combining as shown in Fig. 3.4.3 
for the case of M = 2.  
 52












It can be observed that at 90% reliability, the maximal ratio diversity has a gain of 7dB 
as compared to 6.5dB and 5.5dB for equal gain and selection diversity, respectively. 
This difference in diversity gain will become more significant as the number of 
channels increases as shown by the bottom two curves of Fig. 3.4.4. Although 
selection diversity is inferior as compared to maximal ratio and equal gain diversity, 
the upper three curves demonstrate that it is still able to provide a significant 
improvement in diversity gain and that the rate of further gain diminishes with 








































for maximal ratio combining 
for equal gain combining
for selection combining 
where Γ is the mean SNR per branch, and M is the number of branches. 
 
From the above equations, it can be seen that for maximal ratio combining, the 
improvement in average SNR increases proportionately with the number of branches. 
The improvement in average SNR for selection combining increases slowly with the 
number of branches. As shown in Fig. 3.4.4, the improvement in average SNR for 
equal gain combining is only 1.05dB poorer than maximal ratio combining, in the limit 
of an infinite number of branches.  
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Chapter 4 
DIVERSITY PERFORMANCE OF  




An electromagnetic wave can be elliptically, circularly or linearly polarized. If the 
state of polarization does not change with time, it is said to be completely polarized. 
The polarization of a randomly polarized wave varies continuously in a time varying 
manner with a zero time average value of polarization at any one state. A partially 
polarized radiation consists of a randomly polarized component and a completely 
polarized component. The characteristics of a completely polarized wave emanating 
from a point source will be examined in detail in the following section. The reception 
of radiation from distributed sources, which is more general, will be discussed 
subsequently. 
 
The performance of a dual-linear polarized antenna can be characterized in terms of its 
return loss at both ports as well as port-to-port isolation, co-polar, and cross-polar 
radiation patterns. However, in order for the antenna to be suitable for base station 
applications, the far-field coupling and diversity gain must also be considered.  
 
In this Chapter, the design and performances of a stacked dual-linear patch element 
and array designed for 3G applications will be evaluated according to the parameters 
stated above. 
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4.2 Theoretical Analysis 
 
The power received by an antenna can be shown to be dependent on its polarization 
properties as well as the polarization of incident radiation. From Fig. 4.2.1, Antenna a 







Fig. 4.2.1:  Antenna excited by a current element  
By Reciprocity Theorem, we have, 
 
 V I V I n I la b b a a b b1 1 1 1+ = −E .
^ ∆
 
Suppose Antenna b is not terminated by a load, i.e., is open circuited at the terminals, 
then I1b = 0 and the open circuit voltage can be expressed as, 
V V n
I












j t j tE E r t e r t e= + = +− −θ φ θ ψ φ ψθ φ θθ φ
^ ^ ( ) ^ ( ) ^( ) ( ) φ (4.3) 
 
where θ and φ denote the vertical and horizontal polarizations. The phase of the signals 
ψθ and ψφ are uncorrelated and uniformly distributed over [0,2π]. The rθ(t) and rφ(t) are 
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real-valued functions which represent the envelope of the signal. It is assumed that 
rθ(t) and rφ(t) are Rayleigh distributed [Egg98][Vau90] and uncorrelated 
[Egg98][Koz84][Lem98][Tur95][Vau90] for a typical mobile communication system. 
 
To characterize the receiving antenna, a complex effective vector length h has been 
introduced by Sinclair [Sin50]. Under transmitting conditions, the radiated field can be 
expressed as, 








If we compare Eq. (4.4) to that of the radiation field by a unit electric current source, it 
can be seen that h gives the radiated field relative to that from a current element of unit 
length. 
 
The incident field E0 can be taken as originating from two electric current elements 


















































Substituting Eqs. (4.4) and (4.6) into Eq. (4.2), the open circuit received voltage c
simplified to give, 





The total received open circuit voltage will be the sum of the contributions from all 
directions seen by the receiving antenna, 
( ) ( ) ΩΩ•Ω= ∫ dtVoc ,Eh (4.8)  
where the direction given by θ and φ is given by the solid angle Ω. 
 
The far-field coupling can be derived from the complex antenna channel vectors. If we 
define the polarization matrix for the incident field as, 









where the elements in the matrix are of the form, 
 ( ) ( ) ( )J E t E' *, ; , , , , ,θφ θ φθ φ θ φ θ φ θ φ1 1 2 2 1 1 2 2= t (4.10)
 
The polarization matrix for the antenna can also be defined as, 
 ( )J θ φ θ φ θθ θφ
φθ φφ







where the elements in the matrix are of the form, 
 
 
If the polarizations are considered uncorrelated and each polarization considered 
spatially uncorrelated, then, 
 
 
where χ refers to the cross-polar discrimination and, 
( ) ( ) ( )J h t hθφ θ φθ φ θ φ θ φ θ φ1 1 2 2 1 1 2 2, ; , , , , ,*= t
( )P P (4.14)θ φ, = θ θ θ φ φ φL u L u≤ ≤ ≤ ≤,
(4.13)
(4.12)








                = 0,        elsewhere 
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The correlation coefficient for the open circuit signals are expressed as, 
 { }*)2()1(12 ococ VVE=ρ (4.15)
 
where  refers to the expectation operator. { }•E
Substituting Eqs. (4.8), (4.10), and (4.12) into Eq. (4.15), 
 (4.16)( )ρ θθ θθ φφ φφ θφ θφ φθ φθ12 1 2= + + +∫∫ J J J J J J J J d d' ' ' ' Ω Ω
 
Assuming that orthogonal polarizations are uncorrelated, using Eq. (4.13) and 
substituting into Eq. (4.16),  
( ) ( )( ) ( ) ( )ρ χ θ θ φ φ12 1 2 1 2= +∫ h h h h d
l
u
Ω Ω Ω Ω
Ω
Ω
* * Ω (4.17)
 
The various constants drop out under normalization. It should be noted that for the 
unpolarized case where χ = 1 (0dB), the correlation coefficient corresponds to the far-
field coupling of the antenna. 
 
The signals in the respective diversity branches can be given by Eq. (4.18), where u(t) 
is the complex valued low pass signal common to all the branches, f0 is the carrier 
frequency and gk(t) is the equivalent low-pass transfer function, assuming non-
selective fading on each diversity branch. 
 ( )[ ]tfjtutgtv kk 02exp)()(Re)( π= (4.18)
 













Using Eq. (4.19), the instantaneous signal-to-noise ratio in the kth receiver can be 




















From Eqs. (4.18) and (4.19), the complex envelopes in the diversity branches are of the 
form, 
 ( ) ( ) ( ) ( )tntutgtv kkk += (4.21)
 
The output complex envelope from general linear combining can be expressed as, 









where αk are the complex weights which are changed from time to time as the branch 
signals vary over short-term fading in maximal ratio combining. In the case of 
selection combining, all the αk are zero except for the branch with the largest SNR. For 
equal gain combining, the αk have phase opposite to the signals in the respective 
branches but equal in magnitude. In the subsequent analysis, the maximal ratio 
combiner will be used so as to achieve the maximum output SNR at any instant. 
 
With Eqs. (4.21) and (4.22), the signal and noise complex envelopes at the output of 
the combiner are, 
 



















The instantaneous output SNR is shown in Eq. (4.24), using the normalization in 































The output SNR given in Eq. (4.24) can be maximized by applying the Schwarz 

























kk Cpq =where for all k 
is a necessary condition for the equality to hold which means that both the vectors 
must be parallel and in phase, and C is an arbitrary complex constant. 
 





















































=α for all k where 
The terms on the right of Eq. (4.27) correspond to the individual instantaneous SNR on 
each branch defined in Eq. (4.20). Thus, this combiner results in an instantaneous 









With the instantaneous SNR defined in Eq. (4.28), the probability distribution function 
(p.d.f.), p(γ), can be determined by first considering the Laplace transformation, 










The γk are independently exponentially distributed, and the p.d.f. is given as, 










where Γk is the average of γk over the short-term fading. 
Thus, 













where Re s ≥ 0 
Therefore, 









By performing the inversion of Eq. (4.29), for M-branch maximal ratio combining, the 
p.d.f. can be written as [Sch65], 
 









The contour of integration can be closed at ∞ in the left-half plane with only poles 
enclosed. Hence, the integral can be evaluated by routine residual calculations. Two 
cases are considered. One is when all the Γk are equal. Considering two-branch 
maximal ratio combining, Eq. (4.33) becomes, 
 ( )p eγ γ γ= −Γ Γ2 (4.34) 
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The cumulative distribution function is obtained by integrating Eq. (4.34), giving, 





Another case is when Γ1 ≠ Γ2, which gives, 



















By integrating Eq. (4.36), the cumulative distribution function is, 
( )p e eγ ϕ
ϕ ϕ



































where ρ in Eq. (4.38) represents the complex cross-covariance which can be taken as 





















The eigenvalues are, 
 






































From Appendix B of [Sch65], it can be shown that, 
 



























A comparison of Eq. (4.33) with Eq. (4.41) shows that the power level for an 
independently fading diversity branch can be replaced by the eigenvalues in Eq. (4.40). 
 
4.3 Dual-linear Polarization Stacked Element 
 
A dual-polarization stacked antenna is designed, simulated and measured. Its 
performance in terms of isolation, vertical and horizontal radiation patterns, far-field 
coupling, output power correlation as well as diversity gain are evaluated in the 




The design consists of two layers of dielectric, namely the top and bottom layers which 
are made up of 0.8mm thick substrates (Rogers 4003, εr = 3.38) having dimensions of 
150mm × 150mm. The underside of the bottom layer is entirely covered with foil and 
grounded. Two square patches are, respectively, etched onto the underside of the top 
layer and the topside of the bottom layer. The spacing between the two layers 
supported by four plastic stands is s, and the two concentric patches are parallel to and 
facing each other as shown in Fig. 4.3.1. The dimensions for the top (lt × lt) and the 
bottom (lb × lb) patches are selected such that the resonances occur within the 
frequency band of interest. The lower patch is orthogonally fed on two adjacent sides 










ground plane Rogers 4003, εr = 3.38 































Fig. 4.3.1:  Geometry of a stacked dual-linear polarized element 
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4.3.2 Impedance Performance 
 
The proposed geometry above was simulated using Ansoft Ensemble v8.0. It can be 
seen from Fig. 4.3.2 for |S11| ≤ -14dB, the optimum bandwidth achieved is 8% when s 
= 10mm, lt = 54mm, and lb = 40mm. The isolation is more than 24dB across the entire 
well matched bandwidth.   
The input impedance was measured by an HP8753D Network Analyzer. Fig. 4.3.3 
shows the measured S parameters for the proposed antenna. The optimized antenna 
configuration occurs when lt = 55mm, lb = 40mm, and s = 11mm. The measured results 
show that the antenna achieves a bandwidth of 8% for |S11| ≤ -14dB, with a center 
frequency of 1.98GHz that is lower than the simulated result. Also, the measured 






































































Fig. 4.3.3:  Measured S parameters
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4.3.3 Radiation Performance  
 
With the antenna positioned in a ±45° configuration, the radiation patterns were 
measured at 1.91GHz, 1.98GHz, and 2.06GHz, which correspond to the lower, center, 
and upper frequency of the bandwidth, respectively. Figs. 4.3.4 − 4.3.6 display the 
simulated and measured responses for the vertical and horizontal polarizations. Each of 
the radiation levels was normalized by the total received power 

 + 22 φθ EE . It can 
be observed that at the three frequencies, the measured responses for the vertical 
polarizations are close to the simulated responses. The measured and simulated 
sponses for the horizontal polarizations start to deviate after ±70° and the extent of 
e deviation increases with increasing frequency.  
re
th
As the difference between the vertical and horizontal radiation levels gets larger than 
dB at a particular angle, the antenna functions more like a vertically polarized 
ntenna and less like a polarization diversity antenna at that angle. The difference in 
e radiation levels between the simulated responses for the horizontal and vertical 
olarizations is less than 6dB across the entire azimuth at all the three frequencies. 
omparing the measured responses for the vertical and horizontal polarizations, at the 
wer frequency, the difference is less than 6dB within a coverage of 135°. However, 
t the center frequency, the coverage is reduced to 110° and reduced further to 100° at 
e upper frequency. Here, it is noted that the finite-size ground plane and the cable 
lacement in the measurements has led to an increase in the vertical polarization 
diation as compared to the simulated results at the higher angles outside the main 
easured vertical and horizontal 
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Fig. 4.3.4:  Measured and simulated radiation patterns at lower frequency 
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Fig. 4.3.6:  Measured and simulated radiation patterns at upper frequency  
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.3.4 Far-field Coupling  
sing Eq. (4.17) when χ = 1, the far-field coupling σ between the two branches can be 
omputed by taking the inner product of the complex port vectors [Lin01]. 
   
 
      









 ** EEEE φφθθ +
 
w
( ) ( )21211 φθ EEE += , ( ) ( )2*22*2*2 φθ EEE += . 
 
The expression in Eq. (4.42) can be simplified since the antenna elements exhibit 
symmetry with respect to the vertical axis. Thus, in the θ = 90° plane, the radiation 
atterns will be symmetrical with respect to the φ = 45° plane as well. With Eθ 2 = 
θ1 and Eφ2 = 
p
( )ϕϕθ +− j ( )ϕϕφ +− jee  E  Eφ1, where ϕ is to account for arbitrary phase difference 
etween the two ports during measurement, ϕθ and ϕφ are the phase difference for the 
θ and Eφ components, respectively. In this Chapter, the orientation of the feed-points 
ith respect to the co-ordinate axes gives ϕθ = 0 and ϕφ = π. For simplicity, it is 
ssumed that there is no phase difference from easurement, i.e. ϕ = 0. 
n antenna with zero far-field coupling ensures that all the power incident on the 















a aperture is received at the antenna outputs. The measured far-field coupli
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w r frequencies were examined and compared against the 
imulated results.  
Figs. 4.3.7 − 4.3.9 show the calculated far-field coupling at the three frequencies using 
the simulated and measured antenna patterns. From the graphs, the simulated 
responses indicate a greater coupling at about ±65°. The measured coupling at the 
lower frequency of 1.91GHz is below 0.7 across the entire ±90° azimuth. The 
measured coupling at the centre frequency of 1.98GHz is less than 0.7 within a 127° 
coverage and deteriorates to 107° at the upper frequency of 2.06GHz. At the lower and 
upper frequencies, it can be observed that the measured coupling at ±20°-30° is the 
minimum with a local maximum at the boresight. At the center frequency, the 
measured and simulated coupling is minimum at the boresight. Comparing Figs. 4.3.7 
− 4.3.9 with Figs. 4.3.4 − 4.3.6, it can also be seen from Eq. (4.43) that the coupling is 























Fig. 4.3.7:  Measured and simulated far-field coupling σ at lower frequency











































Fig. 4.3.9:  Measured and simulated far-field coupling σ at upper frequency
























.3.5 Output Power Correlation 
he output power correlation ρ has been shown to be dependent on the cross-polar 
iscrimination χ [Vau87]. 
here the cross-polar discrimination is defined as the ratio of the vertically polarized 
 the horizontally polarized E-field in the far zone. 
Since .44) 
can be simplified to give, 
 
 
It is well-known in available literature that, for ρ ≤ 0.7 at the base station, effective 
diversity combining can be achieved [Bre59][Lee72][Jak74]. 
 
The cross-polar discrimination can be influenced primarily by channel fading as well 
as the antenna polarization. The effects of channel cross-polar discrimination on output 
power correlation have been discussed [Lin01], based on the assumption that the dual-
polarized antennas are ideal in that the vertical and horizontal polarized patterns are 





























































Instead of considering the environmental influence on χ for an ideal dual-polarized 
nten  the 
− 4.3.12 compare the simulated and 
easured output power correlation at the lower, center, and upper frequencies. The 
ured results, the output power correlation is generally less 
an 0.7 within a 126° sector at the lower frequency, 100° at the center frequency and 
3° at the upper frequency. However, the simulated results show that for a correlation 
f less than 0.7, the coverage at the lower frequency is ±82° while at the center and 
be observed that the increase in the simulated and measured output power correlation 
attributes to the significant increase in the antenna cross-polar discrimination. 
a na, the effects of antenna polarization on χ can also be investigated in
presence of a non-fading channel. Figs. 4.3.10 
m
measured and simulated cross-polar discrimination responses are also included for 












Fig. 4.3.10:  Measured and simulated output power correlation ρ 






















































Fig. 4.3.11:  Measured and simulated output power correlation ρ 
and cross-polar discrimination χ at center frequency 






















Fig. 4.3.12:  Measured and simulated output power correlation ρ 
and cross-polar discrimination χ at upper frequency 

























From Table 4.3.1 [Lin01], it can be seen that the interval 0 < χ < 6dB due to the 
hannel in an urban-suburban environment is a good representation. It must be noted 
at the cross-polar discrimination values provided in the Table are based on a 
ayleigh fading channel and assuming that the dual-polarized antenna is ideal (i.e. 
entical patterns in both vertical and horizontal polarizations).  
ith this, the effects of χ caused by the channel on the output power correlation 
oefficient are examined at the center frequency. It can be observed from Fig. 4.3.13, 
at as χ increases, the entire simulated response for the output power correlation 




























for different cross-polar discrimination χ 
he diversity performance of an antenna can be evaluated in terms of the diversity 
ain. In a single branch system, we can measure the level of a signal which is exceeded 
r some fraction of time, e.g. 90%. If we consider the diversity system, the signal 
vel exceeded for the same proportion of the available time can be determined. The 
crease in signal levels available for the same proportion of time (reliability) is known 
s the diversity gain. 
he diversity gain can be calculated by finding the eigenvalues from Eq. (4.40), which 
 turn can be substituted into the probability distribution functions given in Eqs. 













Fig. 4.3.13:  Simulated output power correlation co







 χ = 0dB
       3dB
       6dB
 












of ϕ at each angle can be found for a given outage rate (e.g. 1%), which is the 
ercentage of time when a signal is below a particular threshold ϕ. This ϕ is then 
ubtracted from the corresponding ϕ for a vertically polarized antenna, which can be 
valuated by setting λ1 to be χ/(χ+1) and λ2 to be zero. 
he simulated and measured diversity gain performances at 1% outage rate at the three 
equencies are shown in Figs. 4.3.14 − 4.3.16. The maximum diversity gain of 11.7dB 
























Fig. 4.3.14:  Measured and simulated diversity gain at lower frequency 
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Fig. 4.3.16:  Measured and simulated diversity gain at upper frequency 






















The simulated and measured diversity gain within a 120° sector at the three 
equencies are shown in Table 4.3.2 for comparison. At the boresight, the slight dip in 
e simulated and measured diversity gain at the lower and upper frequencies is caused 
y the increase in the cross-polar discrimination and the far-field coupling. This can be 
hown from Eqs. (4.35), (4.37), and (4.40) that the SNR γ, is dependent on the 
igenvalues, which are the functions of cross-polar discrimination χ and far-field 
oupling σ. The degradation in measured diversity gain at the boresight is 0.5dB at the 
wer frequency and 0.7dB at the upper frequency. The diversity gain approaches zero 
s ρ → 1. At the three frequencies, the diversity gain is reduced to 75% of the 
maximum gain when ρ  = 0.7. 
 
 
n analysis on the effects of different values of χ (assuming an ideal dual-polarized 
ntenna) on the diversity gain is also made in Fig. 4.3.17. At χ = 6dB, the maximum 
iversity gain drops to 8.75dB. Generally, the curve shifts downwards as χ increases. 
 a space diversity system [Vau90], where the diversity gain is 9.26dB at 1% outage 
te, the same effect can be achieved using polarization diversity provided χ < 5dB 
gg83][Wah97]. Thus, if the χ due to the fading channel effects is taken into account, 
 more stringent requirement on the χ will be required in antenna design. 











ower frequency >10.1 >8.6 
Center frequency >7.8 >7.1 
Upper frequency >6.1 >5.0 
Table 4.3.2:  Measured and simulated diversity gain within a 120° sector at the lower, 




































The effects of outage rate on the diversity gain performance are also investigated in 
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Fig. 4.3.18. The maximum achievable diversity gain is observed to increase with the 



















4.4 Dual-linear Polarization Stacked Array 
 
Following the analysis of the stacked element above, a 2 × 1 linear array is designed 
nd its impedance as well as diversity performance investigated in the same way as the 
tacked dual-linear polarized element. 
.4.1 Geometry 
s shown in Fig. 4.4.1, the array design consists of the top and bottom dielectric layers 
ade up of a 0.8mm-thick substrate (Rogers 4003, εr = 3.38) with dimensions of 
00mm × 250mm. The underside of the bottom layer is entirely covered with copper 
il and grounded. Two square patches (lb × lb) are etched onto the topside of the 
ottom layer. Two square patches (lt × lt) are concentrically positioned on the 
nderside of the top layer and separated by a distance of d. The two patches on the 
es of width 1.85mm. 
A λ/4 transformer measuring 21.9mm × 3.1 mm is used to transform the impedance to 
50Ω. The spacing between the two dielectric layers supported by four plastic stands is 
h. The patches arranged in a ±45° configuration, are parallel to and face each other. 
The dimensions for the top and the bottom patches are selected such that the 














bottom layer are fed via a feeding network designed for optimal performance. The 
network comprises of a microstrip line (ls × ws) fed directly to each patch which can be 
adjusted in order to obtain good impedance matching. A 25Ω transmission line of a 
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4.4.2 Parametric Study  
 
 
tate to the center but turns outwards in a clockwise manner as lb increases. 





 lb = 38
 lb = 39
 lb = 
         mm
Loop turns 3 
outwards as lb ↑.
84
 this section, a parametric study will be conducted to investigate the influence of 
hysical parameters such as the size of lower and upper patches, separation between 
e dielectric layers, etc. on the impedance matching. This is done so as to obtain an 
ptimized array configuration to be fabricated. 
) Effects of varying the size of lower patches  
he size of the lower patches lb was varied from 38mm to 40mm with h = 7.5mm, lt = 
6mm, ls = 16mm, ws = 3.6mm, and d = 20mm. According to Figs. 4.4.2 and 4.4.3, 
arying lb generally has a significant effect on the resonant frequency. An increase in lb 
wers the resonant frequency. In addition, from the impedance loci, the matching is 





































increase in lt leads to a decrease in the lower and upper frequencies, while the 
matching at the center frequency is slightly affected. As lt increases to 57mm, it can be 







Fig. 4.4.3:  Simulated VSWR for varying size lb of lower patches 
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 l  = 39
b
       mm
b
 l  = 40
 
 
(b) Effects of varying the size of upper patches 
 
The size of the upper patches lt was varied from 55mm to 57mm with h = 7.5mm, lb = 
39mm, ls = 16mm, ws = 3.6mm, and d = 20mm. According to Figs. 4.4.4 and 4.4.5, an 
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 l  = 55






Fig. 4.4.4:  Simulated impedance loci for varying size lt of upper patches 
t
 lt = 57
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Fig. 4.4.5:  Simulated VSWR for varying size lt of upper patches 
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 (c) Effects of varying the length of microstrip line 
trip line. As ls increases to 18mm, it can be observed from the 
pedance locus that the size of the loop gets smaller and the frequency points in the 
icinity of 1.9GHz are mostly located further from the center of the Smith Chart. 
 
 
The length of the microstrip line ls was varied from 14mm to 18mm with h = 7.5mm, lb 
= 39mm, lt = 56mm, ws = 3.6mm, and d = 20mm. According to Figs. 4.4.6 and 4.4.7, 
an increase in ls leads to an increase in the lower frequency, and a slight decrease in the 
upper frequency. The matching at the center frequency is responsive to the changes in 
















Fig. 4.4.6:  Simulated impedance loci for varying length ls of microstrip line
 ls = 14
 ls = 16
 ls = 18






smaller as ls ↑
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(d) Effects of varying the width of microstrip line 
 
The width of the microstrip line ws was varied from 3.2mm to 4mm with h = 7.5mm, lb 
= 39mm, lt = 56mm, ls = 16mm, and d = 20mm. According to Figs. 4.4.8 and 4.4.9, an 
increase in ws leads to a decrease in the upper frequency as the frequency points in the 
vicinity of 2.2GHz are located further from the center of the Smith Chart. The lower 
frequency is generally unresponsive to changes in ws. The matching at the center 
frequency is responsive to the changes in the width of the microstrip line. As ws 
increases to 4mm, the impedance locus gradually turns in a clockwise manner and the 




Fig. 4.4.7:  Simulated VSWR for varying length ls of microstrip line 
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Fig. 4.4.8:  Simulated impedance loci for varying width ws of microstrip line
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Fig. 4.4.9:  Simulated VSWR for varying width ws of microstrip line 
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(e) Effects of varying the separation between dielectric layers 
he separation h between the dielectric layers was varied from 7mm to 8mm with lb = 
9mm, lt = 56mm, ls = 16mm, ws = 3.6mm, and d = 20mm. According to Figs. 4.4.10 
nd 4.4.11, an increase in h leads to a decrease in the upper frequency as the frequency 
oints in the vicinity of 2.2GHz move further away from the center of the Smith Chart. 
he lower frequency is generally unresponsive to the changes in h. The matching at 
e center frequency is responsive to the changes in the separation between the 
ielectric layers. The loop size in the impedance locus is very sensitive to the changes 
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Fig. 4.4.10:  Simulated impedance loci for varying separation h between dielectric layers 
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) Effects of varying the separation between the patches on |S21| 
he electromagnetic coupling can be controlled by varying the distance between the 
atches on the top and bottom layers correspondingly. The separation d between the 
atches on the top layer was varied from 15mm to 25mm, with lb = 39mm, lt = 56mm, 
 = 16mm, ws = 3.6mm, and h = 7.5mm. According to Fig. 4.4.12, when d > 20mm, 
e |S21| is generally less than –21dB across the impedance bandwidth. The |S21| at the 
pper frequency is generally lower than that at the lower frequency by about 3dB, with 
 minima at around the center frequency of 2.05GHz. 
Fig. 4.4.11:  Simulated VSWR for varying separation h s 
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4.4.3 Impedance Performance  
 
The proposed geometry shown in Fig. 4.4.1 was simulated using Zeland IE3D. It can 
be seen from Fig. 4.4.13 for |S11| ≤ -14dB, the optimum bandwidth achieved is 11.2% 
(1.94GHz – 2.17GHz) when h = 7.5mm, lb = 39mm, lt = 56mm, ls = 16mm, ws = 
3.6mm, and d = 20mm. The isolation is more than 21dB across the entire well matched 
bandwidth as shown. 
 
 








 d = 20











ed array were 
easured as shown in Fig. 4.4.14. The optimized antenna configuration occurs when h 



























With an HP8753D Network Analyzer, the S parameters for the propos
m
= 9mm, lb = 38mm, lt = 55mm, ls = 12mm, ws = 3.6mm, and d = 20mm. The measured 
results show that the array is able to achieve an |S11| ≤ -14dB bandwidth of 12.2% with 
a center frequency of 2.05GHz. The isolation is more than 18dB across the entire well 









 Fig. 4.4.14:  Measured S parameters
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4.4.4 Radiation Performance  
 
With the patches positioned in a ±45° configuration, the radiation patterns were 
measured at 1.92GHz, 2.05GHz, and 2.17GHz, which correspond to the lower, center, 
and upper frequency of the bandwidth, respectively. Figs. 4.4.15 − 4.4.17 display the 
simulated and measured responses in the x-z plane for the vertical and horizontal 
polarizations, and Figs. 4.4.18 − 4.4.20 display the simulated and measured responses 
 the y-z plane for the vertical and horizontal polarizations. The vertical and horizontal 


















Fig. 4.4.15:  Measu t lower frequency 
in the x-z plane 
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Fig. 4.4.16:  Measured and simulated radiation patterns at center frequency 
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in the x-z plane 
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Fig. 4.4.17:  Measured and simulated radiation patterns at upper frequency 
in the x-z plane 
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Fig. 4.4.18:  Measured and simulated radiation patterns at lower frequency 
in the y-z plane 
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Fig. 4.4.20:  Measured and simulated radiation patterns at upper frequency 
in the y-z plane 
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               Upper frequency
 Total Power (Simulated)
 Vertical Pol. (Simulate
imulated radiation patterns at center frequency 
in the y-z plane 
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From the radiation patterns, the half-power beamwidth (HPBW) for the vertical and 
orizontal polarizations as well as the coverage (defined as the angular range where the 
ifference between the vertical and horizontal polarizations is less than 6dB) are noted 
nd tabulated in Tables 4.4.1 and 4.4.2 for the x-z and y-z planes, respectively. It can 
e observed that in the x-z plane, the beamwidth for the vertical polarization (VP) is 
enerally wider than that for the horizontal (HP) polarization at all three frequencies. 
owever, in the y-z plane, the beamwidth for the vertical and horizontal polarizations 
re comparable. The coverage in the x-z plane is satisfactory and covers the forward 
20° sector well at all three frequencies. In the y-z plane, the measured coverage is still 
bove 80°.  
abl d and simulated HPBW and coverage in the x-z plane 










T e 4.4.1:  Measure
 
Simulated Measured Simulated Measured Simulated Measured 
HPBW 
(VP) 80° 69° 79° 72° 77° 70° 
HPBW 
(HP) 69° 55° 59° 52° 55° 47° 
Coverage 
 
168° 180° 170° 118° 170° 120° 
Table 4.4.2:  Measured and simulated HPBW and coverage in the y-z plane 
Lower frequency Center frequency Upper frequency  
Simulated Measured Simulated Measured Simulated Measured 
HPBW 
(VP) 41° 41° 40° 38° 34° 37° 
HPBW 
(HP) 40° 37° 37° 35° 38° 33° 
Cove 125° 95° 84° 95° 81° rage 110° 
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The degradation in the measured coverage can be due to the finite ground plane used 
 the measurements. By increasing the size of the ground plane, it is possible to 
chieve better coverage as predicted from simulations. 
.4.5 Diversity Performance  
igs. 4.4.21 − 4.4.26 show the calculated far-field coupling σ at the three frequencies 
sing the simulated and measured antenna patterns in the x-z and y-z planes. The 
ngular range where the far-field coupling is less than 0.7 is tabulated in Table 4.4.3 
r the x-z and y-z planes, respectively. The simulated responses show a better 
overage than the measured responses which could be attributed to the deviation of the 
ertic rom the horizontal polarization patterns at higher angles. The 

















Fig. 4.4.21:  Measured and simulated far-field coupling σ at lower 
frequency in the x-z plane 



































 the x-z plane 


























Fig. 4.4.23:  Measured and simulated far-field coupling σ at upper 






























frequency in the y-z plane 






 Fig. 4.4.24:  Measured and simulated far-field coupling 
 
 











 Fig. 4.4.25:  Measured and simulated far-field coupling σ at center 
equ  the y- e 














fr ency in z plan









Next, the simulated and measured output power correlation as well as the 
corresponding cross-polar discrimination at each of the three frequencies in a non-
fading channel, are calculated and shown in Figs. 4.4.27 − 4.4.32 for the x-z and y-z 
planes, respectively. The angular range, where the correlation coefficient is less than 
0.7, is tabulated in Table 4.4.4 for the x-z and y-z planes, respectively. 
 
  Measured and simulated angular coverage for far-field coupling in the x-z 
nd y-z planes 












Fig. 4.4.26:  Measured and simulated far-field coupling σ at upper 
frequency in the y-z plane 











Simulated Measured Simulated Measured Simulated Measured 
x-z plane 171° 180° 170° 126° 175° 115° 
y-z plane 110° 101° 108° 88° 106° 85° 
 Fig. 4.4.27:  Measured and simulated output power correlation coefficient ρ 
and cross-polar discrimination χ at lower frequency in the x-z plane 























Fig. 4.4.28:  Measured and simulated output power correlation coefficient ρ 
and cross-polar discrimination χ at center frequency in the x-z plane 
















































 Fig. nt  4.4.29:  Measured and simulated output power correlation coefficie
 cross-polar discrimination 
ρ
and χ at upper frequency in the x-z plane 























Fig. 4.4.30:  Measured and simulated output power correlation coefficient ρ
and cross-polar discrimination χ at lower frequency in the y-z plane 
























































































and cross-polar discrimination χ at center frequency in the y-z plane 























Fig. 4.4.32:  Measured and simulated output power correlation coefficientρ
and cross-polar discrimination χ at upper frequency in the y-z plane 












 It can be observed that at the center and upper frequencies, the difference between the 
imulated and measured results can be attributed to the small ground plane size used in 
e measurements. Generally, the measured coverage for output power correlation 
ecreases as the frequency increases due to the distortion of the radiation patterns, 
spec
igs. 4.4.33 − 4.4.38 show the simulated and measured diversity gains at the three 
equencies in the x-z and y-z planes. The coverage, defined as the angular range at 1% 
utage rate, where the diversity gain is within 3dB of the maximum value, is tabulated 
 Table 4.4.5 for both the planes. In the x-z plane, the measured coverage is observed 
 decrease as the frequency increases. Here, it must be noted that the simulated results 
re better than the measured results since the ground plane used in the simulations is 
ssumed to be infinite. Hence, the measured coverage can be enhanced further by 
creasing the size of the ground plane used in the measurement so that the degradation 
f the radiation patterns, especially at the higher angles will not be severe. The 
overage in the y-z plane is much lower due to the decreased beamwidth arising from 
e array configuration. 
 
Table 4.4.4:  Measured and simulated angular coverage for output power correlation in 
e x-z and y-z planes 
Lower frequency Center frequency Upper frequency 
th
 
Simulated Measured Simulated Measured Simulated Measured 
x-z plane 167° 164° 173° 111° 171° 103° 



















































Fig. 4.4.33:  Measured and simulated diversity gain at lower frequency 
in the x-z plane 
 
 
Fig. 4.4.34:  Measured and simulated diversity gain at center frequency



































































in the y-z plane 
Fig. 4.4.36:  Measured and simulated diversity gain at lower frequency 




































Fig. 4.4.35:  Measured and simulated diversity gain at upper frequency 




































Fig. 4.4.37:  Measured and simulated diversity gain at center frequency 
in the y-z plane 












Fig. 4.4.38:  Measured and simulated diversity gain at upper frequency 
in the y-z plane 



























 this Chapter, the designs of a stacked polarization diversity element and array are 
resent diation 
perform rsity performance is also assessed in terms of the far-field 
coupling, output power correlation, and diversity gain. A significant issue to note is 
that besides the channel characteristics, the polarization characteristics of the antenna 
also have a considerable effect on cross-polar discrimination. In order to investigate 
the effects of antenna design on the diversity performance, the analysis assumes a non-
fading channel. 
 
According to the measured results, the impedance bandwidth of the array is 12.2% for 
the |S11| ≤ -14dB, covering the entire PCS1900 band well. In addition, the measured 
radiation performances of the array in the x-z plane show a 6dB coverage of at least 
118° across the lower, center, and upper frequencies of the bandwidth. The diversity 
performance has been found to deteriorate at the upper frequency, which can be 
attribut atterns, 
especially at the higher angles. The maximum diversity gain at 1% outage rate is 
Table 4.4.5:  Measured and simulated angular coverage for diversity gain in the x-z and 
-z planes 
Lower frequency Center frequency Upper frequency 
y
 
Simulated Measured Simulated Measured Simulated Measured 
x-z plane 169° 152° 169° 113° 135° 107° 
y-z plane 110° 95° 95° 81° 117° 82° 
 
In
p ed. Besides analyzing the antenna in terms of the impedance and ra
ances, the dive
ed to the deviation between the vertical and horizontal radiation p
 110
11.7dB and is observed to decrease by 25% when the correlation coefficient is 0.7. As 
e requirement of the system becomes more stringent (lower outage rate), the 
aximum achievable diversity gain increases correspondingly. The maximum gain at 















































DIVERSITY PERFORMANCE OF 





A common drawback of patch antennas is their narrow bandwidth, typically ranging 
up to a few percent depending on the dielectric constant of the substrate, the dielectric 
thickness, and the geometry of the patch. A number of bandwidth enhancement 
techniques have been reported in the literature. Multi-resonance techniques which 
involve the use of stacked or parasitic elements have been used to enhance the 
bandw
 Chapter 4, the use of stacked patches is capable of increasing the bandwidth since 
e resonant frequencies of the top and bottom patches are slightly offset. Other 
chniques include the trapezoidal-shaped antenna design [Kum81], having parasitic 
trips capacitively coupled to the non-radiating edges of the main radiating patch 
ch79][Aan86], etching slots on the patch [Ton97], log-periodic, and quasi-log-
eriodic structures [Hal80][Pue81a], etc. 
he use of gap-coupling technique to improve the bandwidth performance has also 
een widely discussed. The main patch can be gap-coupled on its radiating or non-














different lengths are coupled together by capacitive gap coupling. The broad 
bandwidth is achieved by the staggering of resonant frequencies of the resonators. 
he gap-coupled patch antenna design has been analyzed by using the Green’s 
function approach and the segmentation method [Oko76][Gup81], where the antenna 
geometry is segmented into shapes for which the Green’s functions are known. The 
at f the i dual co ents ar n comb to obta e 
verall S-matrix. However, due to the long computation time for the S-matrix for each 
egment, an alternative method is proposed in which the Z-matrix of the individual 
bined to give the overall Z-matrix from which the overall S-matrix 
an be determined [Cha81].  
capacitive -network, in which the series capacitance is shunted by a conductance to 
account for the radiation from the gap. The Z-matrices of the radiation conductance 











The Z-matrix of the multiport network shown in Fig. 5.1.1 can be obtained with the 
knowledge of the Green’s function. From the figure, the outer periphery of the antenna 
is divided into sections of small widths to account for the open edge fringing field 
capacitance. The field variation across the width of each of these small sections (ports) 
is negligibly small. Each port is terminated with a conductance to account for the 
radiated power [Pue81b]. The coupling gap can be modeled as a two-dimensional 
π
With the knowledge of the Z-matrices from the various segments, the input impedance 
and the voltage around the periphery of the antenna can be evaluated. With the 







distribution around the periphery of the antenna can be calculated which could be used 
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ig. 5.1.1:  (a)  Parasitic elements gap-coupled to radiating edges of the patch antenna  
)  Even mode half section with respect to axis xx  (c)  Segmented network 
RC: Radiation conductance network 
GC: Gap circuit 











5.2 Dual-linear Polarization Gap-coupled Antenna 
 
In order to achieve the desired bandwidth, the technique of gap coupling can be 
extended to dual-linear polarization antenna design. In this Chapter, the parametric 
study is condu imulator. The 
impedance, radiation, as well as the diversity performance of a dual-linear polarized 




As shown in Fig. 5.2.1, the design consists of a main patch (l  × l ) and four parasitic 
patches (l  × w ) gap-coupled to the main patch. For dual-linear polarization, the sides 
and orthogonal to the main patch are denoted by ws and ls, respectively. The patches 
re etched on a 1.58mm-thick substrate (Duroid 5880, εr = 2.2). The parasitic patches 
cted in Section 5.2.2 with the help of the Zeland IE3D s
c c
s s
of the main patch are of the same length. The parasitic patches whose sides are parallel 
a
are separated from the main patch by a gap width of g. Two adjacent 50Ω co-axial 
probes of radius 0.6mm excite the main patch at d from its sides. In order to excite the 
resonances within the 2.4GHz ISM band, the dimensions for the main and the parasitic 























































5.2.2 Parametric Study  
 
In this section, a parametric study will be conducted to investigate the influence of 
hysical parameters such as the size of main and parasitic patches, gap width, and 
cation of feed point on the impedance matching. This is done so as to obtain an 
ptimized configuration. 
) Effects of varying the size f main patch 
he size of the main patch lc was varied from 39mm to 40mm with s lc, ls = 
8.5m , and g = 0.75mm. According to Fig. 5.2.2, varying lc generally 
as a significant eff n the resonant fre cy. An increase in nerally lowers 
e resonant frequency. Besides, the m  sensitiv  the main 
atch as c e pedance loci. W  in e ze of 
e loop increases oves in an anticlockwise manner. When lc = 39.5mm, the loop is 
bs oints on the locus corresponding to the higher 
eq ted at the center of the Smith chart, thus able to provide a 
roader bandwidth as compared to the case when lc = 40mm. In addition, the locus 
mith chart 







w  = T
m, d = 0.5mm3
 lc geh ect o quen
th atching is also e to the size of
crease in lc, thp an b  predicted from the im ith an  si
th m
o erved to rotate to the center and the p
uency are more concentrafr
b
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(b) Effects of varying the length of parasitic patch 
 




Fig. 5. .2:  Simulated impedance loci for varying length l  of main patch 
 lc = 39




Loop gets larger 
and locus moves 




to 39.5mm with w  = l  = 39.5mm, d = 0.5mm, and g = 0.75mm. As l  increases, the 
loop size decreases and eventually disappears when l  = 39.5mm. Since the impedance 
locus turns in a clockwise manner as ls increases, the matching at the lower frequency 








Fig. 5.2.3:  Simulated impedance loci for varying length ls of parasitic patch
 ls = 37.5
 ls = 38.5
 ls = 39.5







Loop gets sm ller 
and locus moves 3 













(c)  Effects of varying the width of parasitic patch 
he width of the parasitic patch ws was varied from 38.5mm to 40.5mm with ls = 
8.5mm, lc = 39.5mm, d = 0.5mm, and g = 0.75mm. According to Fig. 5.2.4, varying 
s generally has a significant effect on the resonant frequency. It can be observed that 
the size of the loop is very responsive to the changes in ws. As ws increases, the loop 
size increases and moves outwards in a clockwise manner. The loop is formed at the 
location corresponding to the lower frequency on the impedance locus. Also, the 
length of the im  frequency points are 
























(d) Effects of varying the gap width 
 
The gap width g was varied from 0.5mm to 1mm with ws = lc = 39.5mm, ls = 38.5mm, 
and d = 0.5mm. According to Fig. 5.2.5, as g increases from 0.5mm to 1mm, the size 
of the loop increases, indicating an increase in the interaction between the main patch 
and the parasitic patches. The loop is observed to move in an anticlockwise manner 
away from the 
 ws = 38.5
 w  = 40.5





and locus moves 
4 as ws ↑ 
2.35GHz
Fig. 5.2.4:  Simulated impedance loci for varying width ws of parasitic patch
center of the Smith chart as g increases. Since the impedance locus 
rns in an anticlockwise manner as g increases to 1mm, the matching at the lower 
equency degrades, while beginning to improve at the higher frequency. Further 



















 g = 0.5
 g = 0.75
 g = 1





Loop gets larger 
Locus around 
2.35GHz N as g ↑
Locus around 
2.5GHz P as g ↑ 
and locus moves 
4 as g ↑ 
Fig. 5.2.5:  Simulated impedance loci for varying gap width g 
 
(e) Effects of varying the probe location 
 
The probe location d from the side of the main patch was varied from 0mm to 8mm 
with ws = lc = 39.5mm, ls = 38.5mm, and g = 0.75mm. According to Fig. 5.2.6, as d 
increases, the size of the loop increases slightly. Generally, the impedance 
performance is relatively unresponsive to the changes in the probe feed location when 
d is less than 2mm. Subsequent increases in d result in the loop moving outwards 

















 d = 0.5
 d = 2
 d = 4
 d = 6









GHzus moves 3 
 ↑ 
Fig. 5.2.6:  Simulated impedance loci for varying probe location d 
 
5.2.3 Impedance Performance   
 
With the parametric analysis conducted in the previous section, the impedance 
performance of the antenna is optimized to operate in the 2.4GHz ISM band. It can be 
seen from Fig. 5.2.7 for |S11| ≤ -14dB (VSWR ≤ 1.5), the optimum bandwidth achieved 
is 4.1% (2.38GHz − 2.48GHz) when ws = lc = 39.5mm, ls = 38.5mm, g = 0.75mm, and 



















 point is excited in the analysis, the radiation patterns for both the vertical as 
Fig. 5.2.7:  Simulated S parameters





















5.2.4 Radiation Performance  
 
With the antenna positioned in a ±45° configuration, the radiation patterns were 
measured at 2.38GHz, 2.43GHz, and 2.48GHz, which correspond to the lower, center, 
and upper frequency of the bandwidth, respectively. Figs. 5.2.8 − 5.2.10 display the 
simulated responses for the vertical and horizontal polarizations. Each of the radiation 
levels was normalized by the total received power. It can be observed that at the lower 
and center frequencies, the HPBW is about 56° and 60° for the vertical and horizontal 
polarizations, respectively. However, at the upper frequency, the HPBW for the VP 
and HP drops to about 53°. Due to the asymmetrical feeding configuration since only 
one feed
 123













Fig. 5.2.9:  Simulated radiation patterns at center frequency 



































Fig. 5.2.8:  Simulated radiation pa
 124
tterns at lower frequency 
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Fig. 5.2.10:  Simulated radiation patterns at upper frequency 
 
 
The coverage, defined as the angular range where the difference between the vertical 
d component Eφ in the x-z plane and the horizontally polarized 
olarization radiation levels are at least 26dB lower than the co-polarization cases in 
oth planes. 
and horizontal polarizations is less than 6dB, is observed to be 145° at the lower 
frequency and degrades to 134° at the upper frequency. 
 
In the case of a dual-feed configuration shown in Fig. 5.2.11, where both the feed 
points are excited in phase simultaneously, the symmetry about the y-z plane results in 
the vertically polarize
















.2.5 Diversity Performance  
igs. 5.2.12 − 5.2.14 show the calculated far-field coupling, output power correlation, 
nd diversity gain, respectively at the three frequencies using the simulated antenna 
atterns. The angular range, where the far-field coupling and output power correlation 
re less than 0.7, is tabulated in Table 5.2.1. The simulated responses show a better 
overage at the lower and center frequencies and degrade at the upper frequency due to 
e increasing deviation of the vertical polarization from the horizontal polarization. 
he responses generally cover the forward 120° sector well across the bandwidth. In 
ddition, the 3dB coverage for diversity gain is also shown in the table. Generally, the 
Fig. 5.2.11:  Simulated radiation patterns at center frequency with 
dual-feed excitation 
































    Eθ , x-z
    Eθ , y-z 
    Eφ , x-z 
    Eφ , y-z 
Azimuth (deg)
3dB c verage for the diversity gao in is able to cover more than a 120° azimuth across 






























12:  Far-field coupling σ at lower, center, and upper frequencies 













 127Fig. 5.2.13:  Output power correlation ρ at lower, center, and upper frequencies






1.0  Lower frequency
 Fig. 5.2.14:  Diversity gain at lower, center, and upper frequencies 


































Table 5.2.1:  Simulated angular coverage for far-field coupling, output power 
orrelation, and diversity gain  




coupling 152° 152° 141° 
Output power 
correlation 141° 141° 130° 







5.3 Dual-linear Polarization Suspended Gap-coupled Antenna 
 order to reduce the sensitivity of the parameters and increase the impedance 
andwidth, an alternative variation of the conventional gap-coupled antenna is 
onsidered in this section. Previous research carried out on suspended plate antennas 
uy95][Her98][Luk98][Che01] have shown to achieve a broad impedance bandwidth 
ue to an increase in Q-factor. Henceforth, this suspended technique applied to dual-
near polarization diversity antenna design is investigated. Its diversity performance 
om its sides. The dimensions for the main and the parasitic patches are 

















As shown in Fig. 5.3.1, the design consists of a main patch (lc × lc) and four parasitic 
patches (ls × ws) gap-coupled to the main patch. The patches are etched on a 1.52mm-
thick substrate (Rogers 4003, εr = 3.38). The parasitic patches are separated from the 
main patch by a gap width g. The dielectric is suspended at a height h above the 
ground plane. Two adjacent 50Ω co-axial probes of radius 0.6mm excite the main 





































Rogers 4003,  
ε = 3.38 










5.3.2 Parametric Study  
 
In this section, a parametric study will be conducted to investigate the influence of 
hysical parameters such as the size of main and parasitic patches, gap width, 
uspended height above the ground plane, and location of feed point on the impedance 
atching.  
) Effects of varying the size of main patch 
he size of the main patch lc was varied from 42mm to 44mm with ws = lc, ls = 33mm, 
 = 2mm, h = 3mm, and g = 2mm. According to Fig. 5.3.2, varying lc generally has a 
ignificant effect on the resonant frequency. An increase in lc generally lowers the 
sonant frequency. Similar to the gap-coupled antenna, the loop moves in an 
nticlockwise manner with an increase in lc. In addition, as lc increases, the frequency 
oints around the lower frequency is observed to move towards the center of the Smith 
hart, while those around the upper frequency moves away. However, for the 
uspended gap-coupled antenna, the loop size of the impedance loci is relatively 
























 Fig. 5.3.2:  Simulated impedance loci for varying size lc of main patch 
 lc = 42
 lc = 43
 lc = 44


















(b) Effects of varying the length of parasitic patch 
As illustrated in Fig. 5.3.3, the length of the parasitic patch s was varied from 32mm to 
34m  = lc = 43mm, mm, h = 3mm, an 2mm. Similar to the case for 
the gap-coupled antenna, the impedance locus turns in a clockwise m as ls 
increases and as a result, the matching at the lower frequency improves while 
eginning to degrade at the higher frequency. 
 
l

















 ls = 33
s




3 as ls ↑ 
 ls = 32









(c) Effects of varying the width of parasitic patch 
 
The width of the parasitic patch ws was varied from 42mm to 44mm with ls = 33mm, lc 
= 43mm, d = 2mm, h = 3mm, and g = 2mm. According to Fig. 5.3.4, varying ws 
generally has a significant effect on the impedance matching. It can be observed that 
the loop gradually disappears when ws is lower than 42mm. As ws increases, the 
equency points in the vicinity of the loop have a lower frequency. In addition, the 
ngth of the impedance locus increases, which implies that the frequency points, 









 Fig. 5.3.4:  Simulated impedance loci for varying width ws of parasitic patch 
 ws = 42
 ws = 43
 ws = 44








as ws ↑ 
Length of locus 












(d) Effects of varying the gap width 
he gap width g was varied from 1.5mm to 2.5mm with ws = lc = 43mm, ls = 33mm, d 
 2mm, and h = 3mm. According to Fig. 5.3.5, as g increases, the interaction between 
e main patch and the parasitic patches is relatively unaffected since the loop size 
mains the same. Similar to the gap-coupled antenna, the loop is observed to move in 
n anticlockwise manner away from the center of the Smith chart as g increases. Since 
e impedance locus turns in an anticlockwise manner as g increases, the matching at 
e lower frequency degrades while beginning to improve at the higher frequency. 
urther incr wards to the 
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(e) Effects of varying the probe location 
 
The probe location d from the side of the main patch was varied from 0mm to 4mm 
with ws = lc = 43mm, ls = 33mm, g = 2mm, and h = 3mm. According to Fig. 5.3.6, the 
impedance performance is relativ
 g = 1.5






4 as g ↑ 
GHz 
Fig. 5.3.5:  Simulated impedance loci for varying gap width g 
ely unresponsive to changes in the probe feed 
cation.  
) Effects of varying the spacing above ground plane 
 
The distance between the dielectric and the ground plane h was varied from 2mm to 
4mm with ws = lc = 43mm, ls = 33mm, g = 2mm, and d = 2mm. From Fig. 5.3.7, it can 
be observed that the impedance matching is very responsive to the change in h. The 
length of the locus increases with a decrease in h, because the frequency points, 
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Fig. 5.3.6:  Simulated impedance loci for varying probe location d 
j
rotates in a clockwise manner with an increase in h and moves from a capacitive 













Fig. 5.3.7:  Simulated impedance loci for varying spacing h above ground plane
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5.3.3 Impedance Performance  
 
With the parametric analysis conducted in the previous section, a prototype with the 
optimized parameters was fabricated and the input impedance measured in the 2.4GHz 
ISM band. It can be seen from Fig. 5.3.8 for VSWR ≤ 1.5 (|S11| ≤ -14dB), the optimum 
measured bandwidth achieved is about 6.2% (2.33GHz − 2.48GHz) when ws = lc = 
43mm, ls = 33mm, g = 2mm, d h = 4m esults generally tally ell 




he port coupling |S21| is also analyzed from simulations as shown in Fig. 5.3.9. It can 
e observed that the degree of sensitivity of |S21| towards each parameter is different.  
 
 d = 2mm, an
lations.














Fig. 5.3.8:  Measured and simulated VSWR 
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Fig. 5.3.10:  Measured and simulated |S21|
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From the figures, it is observed that varying the gap width as well as the spacing 
between the dielectric and ground plane has a significant effect on the response. The 
width of the parasitic patches shows a great fluctuation across the ISM band when ws = 
44mm. However, the effect of the length of the parasitic patches and the probe location 
on the |S21| response is relatively small. Fig. 5.3.10 illustrates the simulated and 
measured |S21| for the optimized parameters. It can be seen that the measured |S21| is 





5.3.4 Radiation Performance  
 
The radiation patterns were measured in an anechoic chamber at 2.33GHz, 2.40GHz, 
and 2.48GHz, which correspond to the lower, center, and upper frequency of the 







normalized by the total received power. It can be observed that at the three 
frequencies, the measured responses for the vertical polarizations are close to the 
simulated responses. The half-power beamwidth (HPBW) for the ve
horizontal polarizations as well as the coverage (defined as the angular range where t
difference between the vertical and horizontal polarizations is less than 6dB)
and tabulated in Table 5.3.1.  
 
It can be observed that the beamwidth for the vertical polarization (VP) is generally 
wider than that for the horizontal polarization (HP) at all three frequencies. Generally, 
the beamwidths for both VP and HP decrease as the frequency increases. Across the 
impedance bandwidth, the coverage covers the forward 120° sector well as predicted 
 
responses for the vertical and horizontal polarizations. Each of the radiation levels was 
rtical and 
he 











Fig. 5.3.11:  Meas



















               Lower frequency
 Total Power (Simulated)
 Total Power (Measured)
 Vertical Polarization (Simulated)
 Vertical Polarization (Measured)
A  Horizontal Polarization (Simulated)





































 Fig. 5.3.13:  Measured and simulated radiation patterns at upper frequency
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 Total Power (Simulated)
 Total Power (Measured)
 Vertical Polarization (Simulated)
 Vertical Polarization (Measured)
A  Horizontal Polarization (Simulated)
 Horizontal Polarization (Measured)


















               Center frequency
 Total Power (Simulated)
 Total Power (Measured)
 Vertical Polarization (Simulated)
 Vertical Polarization (Measured)
rizontal Polarization (Simulated)
 Horizontal Polarization (Measured)
Table 5.3.1:  Measured and simulated HPBW and coverage 
Lower frequency Center frequency Upper frequency  
Simulated Measured Simulated Measured Simulated Measured 
HPBW 
(VP) 62° 69° 59° 65° 55° 59° 
HPBW 
(HP) 57° 59° 52° 56° 49° 49° 
Coverage 136° 142° 130° 150° 150° 180° 
 
 
5.3.5 Diversity Performance  
Figs. 5.3.14 − 5.3.16 show the simulated and measured far-field coupling at the lower, 
center, and upper frequency of the bandwidth, respectively. The measured results 
generally agree well with the simulations from –70° to 90° at the three frequencies. 
However, after –70°, the measured results are better than the simulations arising from 
a smaller difference between the VP and HP due to the cable effects during 
measurement. At the upper frequency, the overall far-field coupling response 




































Fig. 5.3.14:  Measured and simulated far-field coupling σ at lower frequency 












Fig. 5.3.15:  Measur at center frequency 

























Fig. 5.3.16:  Measured and simulated far-field coupling σ at upper frequency 














he measured and simulated output power correlation at the lower, center, and upper 
equencies of the bandwidth are shown in Figs. 5.3.17 − 5.3.19, respectively in a non-
ding channel. It can be seen that for the χ < 5dB, the correlation is generally less 
an 0.7. The coverage of the measured correlation, defined as the angular range where 

































Fig. 5.3.17:  Measured and simulated output power correlation ρ 
and cross-polar discrimination χ at lower frequency 



















Fig. 5.3.18:  Measured and simulated output power correlation ρ 
and cross-polar discrimination χ at center frequency 







































































he measured and simulated diversity gain performances at 1% outage rate at the three 
equencies are shown in Figs. 5.3.20 − 5.3.22. The maximum diversity gain of 11.7dB 
ccurs when the far-field coupling is at its minimum and when χ = 0dB. Generally, the 
dB coverage for the diversity gain is able to cover more than a 120° azimuth across 
e bandwidth.  However, at the upper frequency, the measured diversity gain 
xperiences a dip of 1.2dB and 1.7dB at around –30° and 68°, respectively. The 
overage at the upper frequency is better than those at the lower and center frequencies 
s predicted from simulations. The measured and simulated coverage for the far-field 
oupling, output power correlation, and diversity gain are tabulated in Table 5.3.2. 
Fig. 5.3.19:  Measured and simulated output power correlation ρ 












































Fig. 5.3.20:  Measured and simulated diversity gain at lower frequency 
















Fig. 5.3.21:  Measured and simulated diversity gain at center frequency































































Table 5.3.2:  Measured and simulated angular coverage for far-field coupling, output power 
orrelation, and diversity gain  
 Lower frequency Center frequency Upper frequency 
c
 Simulated Measured Simulated Measured Simulated Measured 
Far-field 
coupling 146° 153° 141° 153° 169° 180° 
Output power 
correlation 132° 143° 142° 140° 163° 180° 
Diversity 
gain 129° 142° 125° 138° 164° 180° 
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5.4 Conclusions 
 this Chapter, two dual-linear polarized gap-coupled antenna designs have been 
resented, and their impedance, radiation, and diversity performances analyzed across 
e bandwidth. For the gap-coupled antenna, the impedance performance is very 
ensitive to the changes in the antenna parameters from the parametric study 
onducted. Good diversity gain coverage of more than 129° has been achieved, but 
xperienced the degradation at the upper frequency of the bandwidth. An alternative 
esign was proposed to increase the impedance bandwidth and at the same time 
prove the diversity performance. By suspending the dielectric layer above the 
round plane, impedance matching has been found to be easier as the sensitivity of the 
ara gain 











p meters is reduced. The measured results have shown that the diversity 
c
lower and center frequencies. Therefore, the suspended gap-coupled antenna is suitable 














 this research project, the focus is on the design of single-feed dual-linear 
olarization antennas, as well as the design and analysis of the diversity performance 
f dual-feed polarization diversity antennas for WLAN or 3G base station applications. 
 the first part of the Thesis, a single-feed stacked patch antenna was presented. With 
 diagonal feed technique, dual-linear polarization characteristics can be achieved. In 
rder to increase the antenna gain, a two-element linear, and 2 × 2 planar arrays were 
onstructe impedance 
andwidt  ISM band. In order to 
nsure that the radiation performance is satisfactory across the bandwidth, it was 
valuated at three frequencies, corresponding to the lower, center, and upper 
equencies of the bandwidth. The measured results have shown that the arrays can 
chieve a front-to-back ratio of greater than 20dB in both the x-z and y-z planes, which 
an be further improved if a larger ground plane was used in the measurements. 
esides considering the front-to-back ratio, it is also desirable that the variation in the 
diation patterns is minimal across the impedance bandwidth, especially at the 
oresight. The variation is generally less than 2.7dB for the stacked element and 
rrays. In addition, to maintain good dual-linear polarization characteristics, the 
ifference between the vertical and horizontal polarized components must be kept as 









c d. The antenna element and the arrays are able to achieve an 














principal planes for the two-element linear and 2 × 2 planar arrays with an average 
ain of 9dBi and 11dBi, respectively. 
 order to overcome the problem of a complicated feed network manifest in the design 
f the two-element linear and 2 × 2 planar arrays, an alternative design was proposed. 
 this design, four radiating elements were electromagnetically coupled to a bottom 
atch excited by a diagonal feed line. With a VSWR ≤ 1.5 bandwidth of 16%, the 
aximum variation in the radiation patterns with frequency is 1.7dB. In addition, the 
mall difference between the vertical and horizontal polarized components makes it 
uitable for dual-linear polarization applications. The measured average gain in both 
lanes is about 9.5dBi. 
 the second part of the Thesis, a stacked dual-port antenna with dual-linear 
olarization characteristics for 3G mobile applications was designed in order to 
11
ion 














investigate its diversity performance within a broad bandwidth of 8% for the |S | ≤ -
14dB and having a low isolation of 24dB. From the radiation measurements, it can be 
observed that the response for the vertical polarization has shown good consistency 
with the simulation results at the lower, center, and upper frequency of the bandwidth. 
As for the horizontal polarization, the deviation from the simulation results has 
occurred only after ±70°. In order to function as a dual-polarized antenna, the 
difference between the vertical and horizontal polarized components must be smaller 
than 6dB. The coverage, defined as the angular range where the difference is less than 
6dB, has degraded to 100° at the upper frequency due to the distortion of the radiat
p
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In comparison with the aperture-coupled antenna in [Lin01], the feed network of the 
tacked antenna is simpler. The analysis was based on the assumption of an ideal 
ntenna under a Rayleigh fading propagation channel. In this Thesis, the influence of 
e stacked patch antenna design on the cross-polar discrimination χ under non-fading 
onditions has been examined. It has been found that other than the channel, the 
ntenna design also has a considerable influence on the χ. 
he diversity performance of the stacked antenna was evaluated at the lower, center, 
nd upper frequencies of the bandwidth in order to ensure that the antenna functions 
ell as a polarization diversity antenna across the entire bandwidth. The diversity 
erformance has been found to vary across the bandwidth. It has been widely accepted 
at the of 0.7. 
cross the bandwidth, the measured far-field coupling or orthogonality is less than 0.7 
ithin 107°. The output power correlation, which is dependent on the cross-polar 
iscrimination, is less than 0.7 within 93°. In the analysis, the maximal ratio 
ombining scheme was used. The maximum diversity gain at 1% outage rate (99% 
liability) is 11.7dB, which has been found to decrease by 50% with a 20% outage 
quirement of the system. The antenna is capable of achieving good diversity gain of 
t least 5dB within an angular coverage of 120° across the entire bandwidth, according 
to the measured results. 
 
A 2 × 1 linear array was also designed and measurement results have shown that it can 
achieve a bandwidth of 12.2% for the |S11| ≤ -14dB. Within a minimum coverage of 
118°, the difference between the vertical and horizontal polarizations is less than 6dB, 




















gain is 8.7dB within a minimum coverage of 107° in the x-z plane and 81° in the y-z 
lane, and similar to the stacked element, the diversity performance has degraded at 
e upper frequency. 
 the last part of the Thesis, a gap-coupled polarization diversity antenna was 
esigned to operate at 2.4GHz. However, this design has the drawback of the difficulty 
 obtain impedance matching as the parameters are very sensitive. In addition, 
egradation in diversity performance has been experienced at the upper frequency of 
e bandwidth. An alternative design was proposed which require the dielectric 
ubstrate to be suspended above the ground plane. In this design, the bandwidth can be 
creased with the Q-factor reduced. However, care must be taken to ensure that the 
dvantage of increased bandwidth is not offset by the poorer isolation performance. 
he suspended gap-coupled antenna has a broader impedance bandwidth, and the 
pedance matching can be performed more easily. A prototype was fabricated and 
order to validate the simulation results. The antenna has shown a broad 
ore than 138°, and at the upper frequency of the 
bandw th, the c i m
 
sity analysis of the various microstrip antenna designs, it can be seen 
that a good impedance performance is unable to guarantee a good diversity 
perf ce acros mpeda ndwidt  divers rforma related
the difference between the vertical and horizontal polarized radiated powers across the 

















diversity gain coverage of m
id overage is s gnificantly i proved.  
From the diver
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